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The presence of harmful chemicals and microorganisms in food is 
often addressed ad food contamination, which can cause consumer illness 
at different levels of severity. Potential hazardous residues in food include 
several different substances: natural and environmental contaminants (e.g. 
toxins, heavy metal ions), agrochemicals pollutants like pesticides, drugs, 
growth promoters, packaging components, etc. The detection of 
contaminants is then of utterly importance in food safety and 
environmental analysis; thus, it requires highly sensitive and easy-to-use 
analytical procedures to be developed.  
Conventional analytical methods used for this kind of analysis 
include separation techniques (e.g. high-performance liquid 
chromatography, tandem mass spectrometry), which often provide 
sensitive and selective results. Despite the advantages of these techniques, 
the high costs, the expensive instrumentation, the technical skills needed 
for users and the complex pretreatment processes are pushing scientists to 
find out rapid, low cost, highly sensitive and simple alternative analytical 
methods.  
For this purpose, biosensors can act as an option for solving the 
problems mentioned before or become a helpful tool at least.  
Biosensors development can be classified as an interdisciplinary field and 
one of the most active research areas in analytical chemistry. As well as 
other analytical methods, biosensors performance is evaluated by 
considering their detection limit, their sensitivity, selectivity and 
reproducibility in terms of linear and dynamic range and response to 
interfering substances. The most used receptors in biosensing applications 
are probably the antibodies, which are able to bind target molecules with 





As one of the drawbacks in developing contaminants biosensors is the 
synthesis of antibodies for these highly toxic targets, the use of biomimetic 
receptors has recently become an interesting alternative. This kind of 
probes includes biological “bricks” assembled in vitro or synthetic 
molecules assembled to mimic the recognition capabilities of antibodies. 
The advances in nanotechnology have led to the discovery and the 
employment of a great number of new materials in nanoscale dimensions 
(comprised between 1 and 100 nm, even if for biological application 
dimensions can raise up to 500 nm and rarely up to 700 nm). Because the 
common biological systems (such as proteins, viruses, membranes, etc.) 
are nanostructured and their interactions take place at nanometric scale, 
nanomaterials become ideal candidates for the development of advanced 
biosensing devices. Nanostructures present several advantages in 
analytical applications and can be mainly used as transducers (due to their 
unique optical, chemical, electrical, and catalytic properties) or as a 
component of the recognition element of a biosensing device (due to the 
high surface-to-volume ratio that increases the number of bioreceptors 
attached to the sensing surface). 
This thesis presents different strategies for the development of 
electrochemical biosensors based on nanostructured sensing platforms 
and biomimetic probe molecules for the determination of a pattern of 
contaminants (e.g. pesticides, toxins, allergens) related to food and 
environmental analysis. 
The dissertation is subdivided in ten chapters. 
▪ Chapter 1. The definition of biosensors is provided, highlighting the 
classification and advantages of electrochemical ones. Moreover, a 
short description of aptamers, Affibodies® and molecularly 
imprinted polymers as bioreceptors is presented. A particular 
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attention has been posed in the description of different aptamer assay 
formats and the aptasensing approaches based on screen-printed 
electrochemical transducers. 
▪ Chapter 2. The role of biosensors in contaminants detection for food 
analysis is described. A classification of the contaminants analyzed in 
this work is also given, divided by their chemical classes, underlining 
their hazardous potential.  
▪ Chapter 3. The electrochemical techniques (cyclic voltammetry, 
differential pulse voltammetry and electrochemical impedance 
spectroscopy) used in this work are introduced, describing their basic 
principles. The experimental set-up, including the graphite screen-
printed cells used as transducers in this thesis, is described. 
▪ Chapter 4. An overview of the conductive nanostructured materials for 
sensing platforms development is presented. In particular, a short 
description of the conductive polymers (i.e. polyaniline, poly(aniline-
co-anthranilic acid), poly-L-lysine) and the gold nanoparticles used in 
this work is given, also providing their electrodeposition protocols 
and electrochemical characterization. 
▪ Chapter 5. The application of a sensing platform based on gold 
nanoparticles and polyaniline-modified graphite screen-printed 
electrodes for dopamine detection is reported. Dopamine was chosen 
as a model analyte due to its easiness of determination by being 
oxidized at an electrodic surface. The analytical usefulness of the 
sensor was also demonstrated by analyzing spiked commercial serum 
samples. 
▪ Chapter 6. Profenofos pesticide is detected by means of an aptasensor 
based on a competitive format, which employs a gold/polyaniline-
modified transducer as sensor platform and an enzyme-linked label 




were modified with a mixed monolayer of a thiol-tethered DNA 
probe and 6-mercapto-1-hexanol. A biotinylated DNA aptamer was 
incubated with the pesticide and then dropped onto the sensing 
surface: the aptamer sequences which did not bind the analyte were 
free to hybridize with the immobilized DNA probe. The binding was 
traced with the addition of streptavidin-alkaline phosphatase enzyme 
conjugate: the enzymatic substrate 1-naphthyl phosphate was 
converted into the electroactive product 1-naphthol, which was 
finally oxidized and detected by differential pulse voltammetry.  
The bindings of the aptamer with the analyte and the DNA probe 
were also preliminary assessed by melting temperatures study. 
▪ Chapter 7. Aflatoxin B1 mycotoxin is detected by means of an enzyme-
linked oligonucleotide array based on a competitive format.  
The developed assay makes use of a sensing platform composed of 
poly(aniline-co-anthranilic acid)-modified electrodes; a conjugate 
between aflatoxin B1 and bovine serum albumin was immobilized by 
amide coupling between the carboxylic groups of the copolymer and 
the amine groups of the protein. Each phase involved in the assembly 
of the aptasensor was characterized and evaluated by means of cyclic 
voltammetry and electrochemical impedance spectroscopy 
techniques. The competition was achieved between free and 
immobilized AFB1 molecules for the binding with a biotinylated DNA 
aptamer and the affinity reaction was traced by streptavidin-alkaline 
phosphatase in the same way as previously described.  
Preliminary experiments in maize flour samples spiked with AFB1 
were also conducted. 
▪ Chapter 8. Deoxynivalenol mycotoxin is detected by means of an 
aptasensor based on a competitive format. The sensing strategy is 
somehow similar to that employed for the pesticide detection, as it 
shares with the aforementioned assay both the nanostructured 
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platform and the enzymatic labeling. However, in this case, a thiol-
tethered DNA aptamer was immobilized on the electrodic surface, 
while the competition occurs in solution between deoxynivalenol 
molecules and a biotinylated complementary DNA sequence.  
The enzyme and its substrate were then used for the electrochemical 
detection by differential pulse voltammetry. Apart from being one of 
the first electrochemical aptasensors reported for deoxynivalenol 
detection, the novelty of the work consists in the investigation of the 
molecular interaction between the aptamer and the mycotoxin by a 
docking study, which allows to verify if the aptamer region binding 
with the complementary oligonucleotide sequence chosen for the 
competitive assay includes the interaction sites between the 
mycotoxin and the DNA aptamer, while also determining the 
preferred orientation assumed by DON in the binding event. 
▪ Chapter 9. β-Lactoglobulin milk allergen is detected by means of a 
switch-on assay employing a gold/poly-L-lysine-modified transducer 
as the sensing platform. The nanostructured electrodes were modified 
with a mixed monolayer of a thiol-tethered DNA aptamer, bearing the 
electroactive methylene blue moiety to the free 3’-end, and 6-
mercapto-1-hexanol. Upon the binding with the analyte, the aptamer 
changed its conformation, making the labeled end to be closer to the 
electrodic surface and to be more easily oxidized. The electrochemical 
folding-based aptasensor allowed unambiguous identification of the 
protein, while no significant non-specific signals were detected in case 
of negative controls. 
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1. Introducing Biosensors 
1.1 Definitions 
A biosensor is defined by the International Union of Pure and Applied 
Chemistry (IUPAC) as “a self-contained integrated device which is 
capable of providing specific quantitative or semi-quantitative analytical 
information using a biological recognition element (biochemical receptor 
or bioreceptor) which is in direct spatial contact with a transducer.  
The transducer is used to convert the (bio)chemical signal resulting from 
the interaction of the analyte with the bioreceptor into an electronic one. 
The intensity of the signal is proportional to the analyte concentration” [1]. 
The biorecognition element is able to convert an information about 
the target analyte, usually its concentration, into a chemical output signal 
that can be detected by a transducer. The biorecognition element should 
provide high selectivity towards the chosen target (specific biorecognition) 
or the chosen chemical class (non-specific biorecognition). Being connected 
to a detector, the transducer is in charge to produce a detectable signal. 
The signal is then processed by a signal processor that collects, amplifies 
and displays it [2].  
The general scheme of a biosensor is shown in Figure 1.1. 
 
 





Biosensors may be classified according to the biological specificity-
conferring mechanism, or to the mode of the signal transduction or, 
alternatively, by a combination of these two. Generally, there are two 
categories of biosensors: affinity biosensors and catalytic biosensors [3]. 
Catalytic biosensors are kinetic devices that measure steady-state 
concentration of a transducer-detectable species formed/lost due to a 
biocatalytic reaction, with the bioreceptor constituted by mono- or 
multienzymes, microorganisms, organelles or tissue samples.  
Affinity biosensors are devices in which receptor molecules bind the 
analyte molecules causing a physicochemical change that is detected by a 
transducer [4]. 
Biosensors are also categorized according to the basic principles of 
signal transduction and biorecognition elements. According to the 
transducing element, biosensors can be classified as:  
▪ optical, which exploit the change in the optical property of a 
biomolecule as a results of its interaction with the target analyte, or 
the use of different kinds of labels and probes [5];  
▪ piezoelectric, in which the analytical signal is produced by the 
application of a mechanical stress on the surface of a piezoelectric 
crystal, onto the surface of which the bioreceptor is immobilized [6];  
▪ thermometric, based on the measurement of the heat absorbed or 
evolved during a biochemical reaction [7];  
▪ magnetic, which reveal the variation of the magnetic properties of the 
system for the detection of the analyte [8];  
▪ electrochemical, based on the determination of electroactive species 
that can be produced and consumed at the electrode surface, or bound 
to the receptor molecules, working as electrochemical mediators, as 
they let the electric current to flow from the bulk solution to the 
electrode surface [9]. 
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1.1.1 Electrochemical Biosensors 
Electrochemical biosensors are a class of sensors in which an electrode 
is used as the transduction element and constitute the category on which 
this thesis will be focused on. The electrochemical transduction system is 
particularly interesting due to some peculiar features, as low cost, high 
detection speed, high sensitivity, portability and, above all, high 
compatibility with miniaturized technology.  
In affinity biosensors, the transducer (which oversees the conversion 
of the chemical information into a measurable signal) incorporates a 
biological or biomimetic receptor molecule which can reversibly bind the 
target analyte with high selectivity, e.g. antibodies, nucleic acids, peptides. 
In electrochemical affinity biosensors, the binding is detected by the 
change in currents and/or voltages at the localized surface. Depending on 
their operating principle, the transduction techniques employed by 
electrochemical biosensors can be classified into six main ensembles: 
potentiometric, amperometric, voltammetric, impedimetric, 
conductometric and field effect [10].  
Potentiometric biosensors measure the changes in the potential, 
recorded at a working electrode against a proper reference electrode, 
when no current flows into the electrochemical cell. The signal response is 
high even for small concentration changes, making this technique useful 
to measure low concentrations. 
Amperometric biosensors are based on continuous measurements of 
the current resulting from the oxidation or reduction of electroactive 
species after the application of a fixed potential to the working electrode. 
The measured current is directly proportional to the electron transfer rate 
of the reaction and, therefore, also to the concentration of the analyte. 





Voltammetric biosensors rely on the measurement of the current 
generated after the application of a potential sweep, within a selected 
range, to the working electrode. Depending on the waveform, this 
technique can be declined in cyclic voltammetry (CV), linear sweep 
voltammetry (LSV), differential pulse voltammetry (DPV), square wave 
voltammetry (SWV), etc. By recording the position of different peaks, 
which are characteristic of different electroactive compounds under 
analysis, this technique is able to detect multiple analytes in a single 
potential sweep. Moreover, voltammetry is characterized by a low signal 
noise, which can endow the biosensor with a higher sensitivity. 
Impedimetric biosensors rely on electrochemical impedance 
spectroscopy (EIS) and can be divided into faradaic impedance methods 
and non-faradaic capacitance methods. This technique monitors the 
changes in the impedance values at the solution/electrode interface caused 
by the biorecognition event between the probe and the analyte. Even if EIS 
can provide label-free detection, the obtained limit of detection (LOD) 
values are higher if compared to the traditional electrochemical methods. 
Conductometric biosensors detect changes in the conductance (and 
thus in the ionic concentration) induced by the biorecognition event by 
applying an alternating potential to two separated electrodes into the 
electrochemical cell. Despite several technical advantages (e.g. no need of 
the reference electrode, low cost, ease of miniaturization), this technique 
is strongly buffer-sensitive and owns a lower sensitivity in comparison to 
the others. 
Field effect biosensors are based on field effect transistor 
semiconductors, which are formed by a source and a drain separated by a 
gate. When charged molecules, such as biomolecules, bind to the gate 
(which is usually a dielectric material), a change in the charge distribution 
of the underlying semiconductor occurs, resulting in a change of 
conductance in the transistor channel. The analytical signal, called drain 
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current, is proportional to the analyte concentration. 
Apart from the chosen transduction technique, the electrochemical 
detection of the captured analyte can be achieved by following two main 
routes. 
▪ Labeled assay. Non-electroactive analytes need to be marked with an 
electroactive detection probe. The electrical signal obtained in 
presence of the label is proportional to the number of analyte 
molecules bound to the electrode surface [11]; 
▪ Label-free assay. The changing of electrode surface properties (i.e. 
capacitance, resistance, conductibility, etc.) can be directly measured 
after the affinity reaction [12]. 
 
1.2 Biomimetic Receptors 
Antibodies are probably the most used receptors in biosensing, as 
they provide high sensitivity and selectivity but are also subjected to some 
limitations. First of all, both monoclonal and polyclonal antibodies are 
selected and produced by inducing immune reactions in cavy animals: this 
production method becomes clearly problematic when the target molecule 
belongs to a toxic or not-well-tolerated class of compounds.  
Furthermore, the exploitation of host animals presents non-neglectable 
ethical issues [13]. 
As biorecognition probes, the antibodies are thermosensitive, and 
their reactivity might vary from batch to batch. Recent progresses in 
bioanalytical applications led to the synthesis and characterization of new 
classes of biomimetic receptors. Biomimetic materials are those developed 
by using inspiration from nature, as the term derives from the Greek bio 
(“life”) and mimetikos (“imitative”). These probes comprise both in vitro-
assembled biological “bricks” or synthetic molecules with the aim to 





As one of the drawbacks in developing contaminants biosensors is the 
synthesis of antibodies for these highly toxic targets, the use of biomimetic 
receptors has recently become an interesting alternative. Due to this, novel 
specific ligands like aptamers are emerging, as they have shown 
themselves to be good candidates as recognition elements in robust and 
stable biosensors [14].  
Aptamers are short single-stranded DNA or RNA (ssDNA or ssRNA) 
sequences that are able to identify specific targets and bind to them by 
folding into unique secondary or tertiary structures [15]. The term 
“aptamer”, which comes from the Latin aptus (“fit”) and from the Greek 
meros (“part”), was chosen after these specific three-dimensional foldings, 
allowing them to bind tightly to a broad range of targets, ranging from 
large proteins to small molecules. An outstanding interest in aptamer 
technology triggered the development of the iterative in vitro process 
SELEX (Systematic Evolution of Ligands by EXponential enrichment), a 
highly-reproducible methodology that underwent several modifications 
since its introduction in 1990 [16–18]. Aptamers are isolated from a 
synthetic oligonucleotidic library (1015–1016 individual sequences, which 
are flanked by constant 5’- and 3’-ends primer sequences) according to 
their affinity towards a target molecule, looking for the best selectivity and 
specificity (Figure 1.2) [19].  
 
 
Figure 1.2. Schematic representation of the SELEX process. 
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During the SELEX process, the small fraction of the starting sequences 
able to interact with the target is immobilized on a solid support, while 
unbound sequences are separated via a washing step. Bound sequences 
are then eluted, amplified via polymerase chain reaction (PCR) and 
prepared for the following selection cycle. After a certain number (usually 
ranging from 8 to 15) of selection and amplification rounds, the enriched 
library is cloned and sequenced to obtain the sequence information of each 
oligonucleotide. Selected sequences are then truncated (in order to remove 
the primers needed for the PCR) and characterized with respect to the 
affinity towards the selected target [20]. Selected aptamers display low 
dissociation constants (Kd), often ranging within the nanomolar or 
picomolar range.  
Compared to antibodies or aminoacid-based structures, aptamers 
offer several advantages, such as no need of animal immunization, high 
chemical and thermal stability in quite extreme conditions (e.g. high 
temperature or pH values), low cross reactivity and prolonged shelf life 
[21,22]. Moreover, aptamers are easy to be immobilized and/or labeled by 
adding different functional groups to the nucleotidic sequence [23].  
Due to those features, aptamers have been used in diagnosis, therapeutics, 
target validation, drug industry, and as detection agents [24]. 
 
1.2.2 Engineered Protein Scaffold Molecules (Affibodies) 
Parallel to aptamers, in order to overcome immunoglobulin 
limitations, another field of investigation is represented by the 
development of alternative binding proteins (based either on scaffold with 
the immunoglobulin fold or on completely different protein topologies), 
called collectively engineered protein scaffolds. Usually, this scaffold is 
derived from a robust and small soluble monomeric protein (such as the 
Kunitz inhibitors or the lipocalins) or from a stably folded extramembrane 




repeat). Compared with antibodies or their recombinant fragments, these 
protein scaffolds often provide practical advantages including elevated 
stability, high production yield in in vitro systems and possibility to 
modulate desired properties (such as solubility, thermal stability, protease 
resistance, etc.) [25–27]. 
Among these classes of engineered proteins, affibodies received 
particular attention and found application in several studies especially for 
in vivo diagnostic imaging [28,29] and targeted therapy [30,31] 
applications. Affibody molecules are being developed by a Swedish 
biotechnology company (Affibody Medical AB, www.affibody.se) and are 
an engineered version of the Z domain (the immunoglobulin G-binding 
region) of staphylococcal protein A. 
Affibody molecules are constituted by only 58 aminoacids (molecular 
weight ≈ 6.5 kDa) and are structured as a triple α-helix bundle: since they 
lack disulphide bridges, they can be produced in simpler organisms such 
as prokaryotes, rather than in the animal systems required for antibodies 
synthesis [32]. Moreover, due to their small size they can also be 
chemically synthesized using solid phase peptide synthesis (SPPS), which 
eliminates the need of biological systems for their production and allows 
specific site modification to be performed. 
Affibodies can include specific labels, such as fluorophores, 
radioactive labels and other moieties, such as biotin, which can be used to 
couple the affibody to surfaces or other molecules, including enzymes [33]. 
 
1.2.3 Molecularly Imprinted Polymers 
Another promising alternative to classical immunosensors is given by 
molecularly imprinted polymers (MIPs), due to their reliability in non-
biological conditions (e.g. organic solvents, extreme pH values, high 
temperatures, etc.), in which antibodies exhibit poor stability, and low 
realization cost. 
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Molecular imprinting is a process used for preparing affinity 
polymers for various targets of analytical interest. It involves the 
formation of a complex through covalent or non-covalent interactions 
between a given target molecule (template) and functional monomers, 
which are then subject to polymerization to form a cast-like shell.  
The subsequent removal of the template leaves binding sites within the 
polymer possessing both the correct shape and the correct orientation of 
functional groups to allow for selective recognition of the imprint species 
[34,35]. The molecular memory, imprinted on the polymer, is able to 
selectively bind the target [12,36].  
MIPs can be prepared for any kind of substance, such as inorganic 
ions, drugs, nucleic acids, proteins, and so on. They possess a number of 
advantages in comparison with natural biomolecules [37], as they are 
stable, specific, low-cost, and easy to prepare and to miniaturize; all these 
features render them as promising alternatives to the natural bioreceptors 
used in sensor technology [38]. Numerous analytes which have no optical 
or electrochemical properties can also be detected by exploiting MIPs 
capacity of generating optical or electrochemical signals in response to 
template binding with the functional groups in the imprinting site [39,40]. 
One of the limitations associated with the development of MIP 
sensors is the difficulty in integrating them with the transducers; the most 
direct and smart way for overcoming this drawback is the 
electropolymerization, in which the MIP can be synthesized in situ at an 
electrode surface by simply controlling the layer’s thickness by the amount 
of charge passed. This approach is particularly attractive for making small 
devices for clinical diagnostics, environmental control, and for 
pharmaceutical industries [12,41,42]. 
For the successful application of MIPs in sensors, it is necessary to 
improve their binding kinetics, to decrease the analysis time, and to 




of designing MIPs at the nanoscale has a key effect on these issues by 
enhancing the surface-to-volume ratio, thus making binding sites more 
accessible to analytes. Different MIP nanostructures have been prepared 
and incorporated in the design of sensing devices; among these, MIP 
nanoparticles (NPs) have been prepared through several strategies and 
successfully applied in different analytical fields [43,44]. 
 
1.3 Aptamer Assay Formats 
Many different designs were applied in the development of 
electrochemical aptasensors: usually, the most common scheme consists 
in a device composed of a DNA (or RNA) oligonucleotide, used as the 
molecular probe and able to recognize the analyte, and an electrochemical 
transducer, used to convert the chemical reaction resulting from the 
interaction of the target with the aptamer probe (e.g. production of 
electroactive molecules, conformational changes, electrochemical 
mediators release) into an electronic signal that can be elaborated by a 
computer. 
The first step of the aptasensor development is represented by the 
immobilization of the aptamer capture probe onto a substrate.  
A great variety of methods for aptamer immobilization (e.g. 
biotin/streptavidin or thiols/gold affinity, as the most used techniques 
[45]) has been reported in literature. The probe immobilization step plays 
the major role in determining the overall performance of an aptasensor. 
The achievement of high sensitivity and selectivity requires maximization 
of the binding efficiency and minimization of non-specific adsorption, 
respectively. 
Control of the immobilization process is essential for assuring high 
reactivity, proper orientation, accessibility and stability of the surface-
confined aptamer probe as well as for minimizing non-specific adsorption 
events. The choice of the immobilization method is dependent on both the 
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assay format and the detection principle and strictly influences the ability 
of the aptamer to bind the target analyte. The most successful approaches 
are the covalent bond, the affinity reaction and the self-assembled layer. 
In particular, to guarantee suitable stability, surface coverage and 
maintaining the same binding affinity as showed in solution, various 
molecules (such as tri(ethylene glycol), TEG, or -(CH2)6-, etc.) acting as arm 
spacers were introduced. 
After a proper blocking step, in order to avoid the non-specific 
adsorption of interfering substances, the affinity reaction with the target is 
performed. The assay format and the aptasensing strategy are largely 
determined by the size of the target ligand [46]. 
 
1.3.1 Sandwich Assay 
Labeled methods usually offer high sensitivity and specificity.  
In the sandwich format, the target molecule is captured between two 
aptamers, or between an aptamer and an antibody that binds different 
regions of the target. The capture aptamer is anchored to the sensor 
surface, while the other labeled biorecognition element is used for 
detection. Labels include various kinds of molecules, such as enzymes (i.e. 
alkaline phosphatase or peroxidase, often conjugated with streptavidin to 
exploit its high binding affinity with biotin) or electroactive compounds 
(i.e. ferrocene, gold nanoparticles, In(II) salts), which can be directly bound 
to the secondary aptamer sequences during their synthesis.  
The sandwich approach allows the decrease of the non-specific signal in 
complex samples but the cost and the time of assay increase [18,47,48]. 
 
1.3.2 Competitive Assay 
Since a DNA or RNA aptamer is able to bind its complementary 
sequence by hybridization reaction, aptamer-based displacement assays 




of the aptamer, a hybridization reaction with a labeled (i.e. with an 
enzyme, a redox mediator, etc.) complementary oligonucleotide sequence 
was performed. The subsequent incubation with the analyte, for which the 
aptamer possesses a higher affinity with respect to the complementary 
sequence, leads to the displacement of the labeled complementary 
DNA/RNA probe with the consequent decrease of the analytical signal. 
 
1.3.3 Switch-on/-off Assay 
Exploiting the 3D folding-based structure, two labeled strategies, 
named switch-on and switch-off, are described in literature. In both 
approaches, an aptamer functionalized with an electroactive molecule (i.e. 
ferrocene, methylene blue, etc.) is immobilized on the electrode surface.  
In the switch-on assay, after the binding reaction with the analyte, the 
conformational change of the aptamer structure decreases the distance 
between the redox molecule and the electrodic surface, leading to an 
increase of the measured electrochemical signal. In the case of switch-off 
strategy, the distance between the electroactive molecule and the electrode 
surface increases and, thus, a decreasing of the electrochemical signal is 
observed [18,49,50]. 
 
1.3.4 Label-free Assays 
In the label-free approach, the aptamer-analyte binding modifies the 
interfacial properties of the aptasensor surface [48,51,52].  
Label-free displacement assays using unlabeled complementary 
sequences were also reported. In this approach, the changing of the 
molecules bound to the aptasensor leads to an increase of the recorded 
capacitance or resistance values because of steric hindrance and 
electrostatic interactions. The advantage of the label-free strategy is the 
real-time evaluation of the analyte-bioreceptor binding [53–55]. 
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1.4 New Approaches for Electrochemical Aptasensors 
based on Screen-Printed Transducers 
The combination between aptamers and electrochemistry offers the 
possibility to develop a huge number of simple-to-use devices with a low 
cost, fast and sensitive response and a high selectivity. These features 
make them particularly suitable for on-field screening analysis, being 
easily coupled to portable devices, especially when the use of screen-
printed electrodes (SPEs) is exploited as an advantageous alternative with 
respect to classical solid electrodes.  
Screen-printing technology is based on a layer-by-layer deposition of 
a peculiar ink mixed with a conductive powder (e.g. graphite or a metal 
like gold, silver or platinum) on a polymeric support; the printing process 
makes use of proper screens or meshes, in order to define the size and the 
shape of the disposable electrochemical cells, usually produced in a three-
electrodes configuration. This technology owns the advantages given 
from the flexibility of the design, the automation of the process, a good 
reproducibility and a wide choice of materials, which determine the 
selectivity, the sensitivity and the adequacy of their use in certain kinds of 
analysis [56].  
The low cost and ease of mass production represent the main 
advantages of SPEs, combined with the possibility of miniaturization and 
lowering the sample volume, allowed by their reduced dimensions: all 
these features are the primary element to be taken into account when 
developing small and portable devices for on-field analysis [57].  
Even in the context of the laboratory routine, SPEs can represent the 
solution to some drawbacks given by solid electrodes, like memory effect 
or long cleaning procedures, which can affect also the reproducibility of 
the measurements [58].  




solvents, as they may dissolve the insulating ink used to protect electric 
contacts, thus being a source of damage for SPEs structure [59]; 
nevertheless, examples of SPEs compatible with the use of organic 
solvents are reported [60]. Moreover, in some cases, small dimensions can 
cause low sensitivity, due to the low-rate electron transfer [61].  
To solve these issues (even if some works still report the use of unmodified 
electrodes [62]), electrochemical and biochemical modifications can be 
exploited to improve their performance: in the case of SPEs, these 
modifications are simpler if compared to those being done on ordinary 
electrodes, which need several polishing, preparation and refreshment 
steps. In this way, SPEs characteristics were adapted to those required by 
different classes of analytes [56–58]; the most recent developments are 
connected with the use of nanostructured materials, which represent the 
most promising field to be used in SPEs functionalization [63]. 
Development of Biomimetic Nanostructured Sensors in Food and Environmental Applications 
15 
 
2. Food Contaminants 
The presence of harmful chemicals and microorganisms in food is 
often addressed ad food contamination, which can cause consumer illness 
at different levels of severity. Food security has the challenge of assuring 
food to be safe from a chemical, physical and biological point of view.  
This aspect of food security is called food safety (an umbrella term that 
encompasses many facets of handling, preparation and storage of food to 
prevent illness and injury) including chemical, microphysical and 
microbiological aspects of food quality [64]. In fact, unsafe food containing 
harmful bacteria, viruses, parasites or chemical substances causes more 
than 200 diseases — ranging from diarrhea to cancer [65].  
Specifically, chemical contamination of food is opposed to microbiological 
contamination, which is normally found under foodborne illness. 
Chemical contaminants, unlike foodborne pathogens, are often unaffected 
by thermal processing [66]: for this reason, the impact they may exert over 
consumer health could be also manifested only after many years of 
processing and prolonged exposure at low levels. A classification of food 
contaminants can be made according to the contamination source and to 
the mechanism by which they enter the food products: in fact, food 
contamination could be due both to naturally occurring environmental 
contaminants or to substances artificially introduced by humans.  
Product mislabeling, accidental cross-contamination or intentional 
adulteration with low quality or unsafe ingredients for economic purposes 
could also constitute a serious drawback. Therefore, to help manufacturers 
improve the quality of their food production in terms of hazard analysis 
of critical control points (HACCP) risk assessment and good 
manufacturing practice (GMP), sensitive analytical methods are required. 
Food quality control is essential for consumer protection as well as for 
food industry. Regulatory agencies as the United States Food and Drug 




(EFSA) are laying some strict guidelines containing the maximum levels 
accepted for certain contaminants in foodstuff to maintain a high standard 
of human health and consumer protection [67]. Potential hazardous 
residues in food include several different substances: natural and 
environmental contaminants (e.g. toxins, heavy metal ions), agrochemicals 
pollutants like pesticides, human and veterinary drugs, growth 
promoters, packaging components, and others [68]. The detection of 
contaminants is then of utterly importance in food safety and 
environmental analysis; thus, it requires highly sensitive and easy-to-use 
analytical procedures to be developed.  
Conventional analytical methods used for this kind of analysis 
include separation techniques (e.g. high-performance liquid 
chromatography, tandem mass spectrometry), which often provide 
sensitive and selective results [69]. Despite the advantages of these 
techniques, the high costs, the expensive instrumentation, the technical 
skills needed for users and the complex pretreatment processes are 
pushing scientists to find out rapid, low cost, highly sensitive and simple 
alternative analytical methods [70]. In the actual context of intensive 
agriculture, the assessment of food quality requires fast screening of 
contaminants: in this perspective, the development of biosensors for this 
aim has gained increasing interest, as these devices come to meet the 
aforementioned requirements [71]. 
 
2.1 Pesticides 
Agrochemicals are chemicals used in agricultural practices and 
animal husbandry with the aim to increase crop yields; such agents 
include pesticides, plant growth regulators and veterinary drugs.  
Among these, pesticides are those substances or mixture of substances 
used to limit the growth of infesting species (e.g. insects, weeds, little 
mammals, fungi, etc.) that can compromise the agricultural production 
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[72]. As stated by Food and Agriculture Organization (FAO), a pesticide is 
usually intended to control pests; nevertheless, for the actual purposes, 
this term embraces also some materials  used to modify pests or crops 
behavior or physiology (e.g. insects repellents, germination inhibitors) 
[73]. The recent history of agricultural production has been characterized 
by the use of different kinds of chemical substances to control pests, 
starting with inorganic compounds (e.g. sulphur, arsenic, mercury, lead) 
and it viewed a great change after the discovery of 
dichlorodiphenyltrichloroethane (DDT) as an insecticide in 1939 by Paul 
Müller, that became soon widely used [74].  
Approximately 3 billion kg of pesticides are spread each year around 
the world, about 45% of which in Europe, 25% in USA and 25% in other 
countries: this poses a serious threat, as the chemicals contaminate the raw 
sources of food [75,76]. Besides the prevention of crop losses gained with 
their use, pesticide residues may get access to the food chain through air, 
water and soil and cause acute and delayed effects on the health of 
exposed people, such as cancer, sterility, deformation in fetuses, allergies, 
asthma, neurological diseases and acute intoxication [77]. The worldwide 
estimation of pesticides poisoning accounts for millions of people, with 
more than 300’000 deaths every year due to this poisoning [78].  
Pesticides are characterized by a great diversity of chemical 
structures, action mechanisms and usages, therefore they can be listed 
according to many different criteria, such as their application purpose, 
their chemical structure, or others as their stability and their penetration 
into the organisms [79]. Among the several classes of pesticides (e.g. 
herbicides, fungicides, bactericides, virucides, nematicides and so on), 
insecticides, which are used to kill infesting insects, are claimed to be a 
major factor in causing the increase of the agricultural productivity in the 





2.1.1 Organophosphorus Pesticides 
Organophosphates (e.g. phorate, profenofos, isocarbophos, 
chlorpyrifos, parathion) are a large class of contact insecticides with the 
same target of the class of carbamates, as they irreversibly inhibit 
acetylcholinesterase and other cholinesterases, which are essential 
enzymes for the proper function of the central nervous system both in 
humans and insects. This inhibition causes an accumulation of the 
neurotransmitter acetylcholine in nerves, which affects the normal 
functioning of muscles and vital organs, thus leading to severe symptoms 
or even death; chemical warfare nerve agents act in the same way [81]. 
Over the last years, compounds and formulations characterized by a fast 
biodegradation and low persistence, as organophosphorus pesticides 
(OPPs) are, began to replace some of the oldest types of compounds (e.g. 
organochlorines), whose active molecules can persist in the environment 
for more than 30 years [82]. Thus, the analysis of pesticide residues is an 
important concern due to their bioaccumulation effect, high toxicity and 
long-term damage risk to environment and human health security.  
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Figure 2.1. Chemical structures of the most commonly used organophosphorus pesticides.  




The term “toxin” refers to a poisonous substance produced within 
living cells or organisms (e.g. small molecules, peptides, proteins) [83] 
capable of causing a disease upon contact or absorption by body tissues. 
The toxicity of these substances owns a great variability, ranging from 
minor (as a bee sting) to deadly (as botulinum toxin). Among these, 
mycotoxins (from the Greek mykes, “fungus” and toxini, “toxin”) are 
defined as toxic secondary metabolites, of wide ranging structural 
diversity but low molecular weight, produced by organisms belonging to 
the fungus kingdom which are able to cause both diseases and even death 
in humans and other animals [84]. The reason for the production of 
mycotoxins is not yet known, as they are not necessary either for fungi 
growth or development [85]. This term is often used for those toxic 
chemical products that promptly colonize crops [86] and other foodstuffs 
(e.g. coffee, dried fruits, spices, etc.) both at field and postharvest stages of 
production.  
As estimated by FAO, about 25% of the world’s food crops are 
contaminated with mycotoxins to a certain degree: they can be commonly 
found in wine and beer from contaminated grapes, cereals but also meat 
and other animal products (e.g. eggs, milk, cheese) due to the food chain. 
One of the main obstacles about these molecules is their high chemical 
stability, as they cannot be destroyed even during high-temperature 
cooking processes [87]. To add complexity, a single species of fungi may 
produce multiple different mycotoxins, and several species can be present 
simultaneously: therefore, the multi-exposure to various mycotoxins may 
lead to enormously augmented toxicity due to possible synergistic effects 
[88,89]. Moreover, the severity of their adverse impact on human health 
(e.g. gastrointestinal diseases, kidney damage, immune suppression — 
generally defined as mycotoxicosis) depends on the intrinsic toxicity of the 




nutritional status of the individual and to combined effects with other 
chemicals to which the individual is exposed [90]. As a consequence, the 
US FDA has determined the lowest levels of mycotoxins that can be 
consumed in food [91,92]. Although in nature there are about 300 known 
mycotoxins with wide ranging structural diversity, many of them are still 
not identified and classified. The most relevant mycotoxins groups under 
a toxicological and a legislative point of view include aflatoxins, 
ochratoxins and some trichothecenes (fumonisins, deoxynivalenol, T-2, 
HT-2 and zearalenone); others such as patulin, citrinin, moniliformin, 
tremorgenic mycotoxins and ergot alkaloids fall outside these families but 
are still of significant importance [93,94]. 
 
2.2.1 Aflatoxins 
Aflatoxins form one of the major grouping of mycotoxins and are 
mainly produced by fungi of the species Aspergillus, such as A. flavus (from 
which the term “aflatoxin” was coined around 1960, after its discovery as 
the source of “Turkey X disease” [95]) and A. parasiticus. This class 
includes four main types of mycotoxins produced: aflatoxin B1 (AFB1), 
aflatoxin B2 (AFB2), aflatoxin G1 (AFG1) and aflatoxin G2 (AFG2). Letters B 
and G derive from the terms “blue” and “green”, respectively, which 
indicate the fluorescence type emitted from these substances when 
irradiated by UV light at 360 nm [96]. These basic aflatoxins are not soluble 
in water, and the liver can metabolize them to reduce their toxicity by 
adding an OH-group to form hydroxylated metabolites, such as aflatoxin 
M1 (AFM1), aflatoxin M2 (AFM2), aflatoxin P1 (AFP1), aflatoxin  Q1 (AFQ1) 
and aflatoxicol (AFL), which are water soluble and can be excreted from 
the body through milk (from which the M letter comes from) [97,98].  
The chemical structure of these molecules is shown in Figure 2.2. 
 
































































Aflatoxin P1 Aflatoxin G1 Aflatoxin G2 
Figure 2.2. Chemical structures of basic aflatoxins and their hydroxylated metabolites. 
 
2.2.2 Trichothecenes 
Trichothecenes constitute a family of more than sixty sesquiterpenoid 
metabolites produced by a number of fungal genera, including Fusarium, 
Myrothecium, Phomopsis, Stachybotrys, Trichoderma, Trichothecium, and 
others. The term “trichothecene” is derived from “trichothecin”, which 
was the one of the first members of the family to be identified.  
All trichothecenes contain a common 12,13-epoxytrichothene skeleton and 
an olefinic bond with various side chain substitutions; moreover, they are 
classified as macrocyclic or nonmacrocyclic, depending on the presence of 
a macrocyclic ester or an ester-ether bridge between C-4 and C-15 [99]. 




subgroups: type A, whose elements have a hydrogen or ester type side 
chain at the C-8 position, and includes T-2 toxin, neosolaniol, and 
diacetoxyscirpenol (DAS), while type B subgroup contains elements 
bearing a ketone in the same position, and include fusarenon-x, nivalenol 
(NIV), and deoxynivalenol (DON). They are commonly found as food and 
feed contaminants, and their consumption can result in alimentary 
hemorrhage and vomiting; direct contact causes dermatitis [100].  
The chemical structure of these molecules is shown in Figure 2.3. 




























































Figure 2.3. Chemical structures of the most common nonmacrocyclic trichothecenes. 




The National Institute of Allergy and Infectious Diseases (NIAID) of 
the United States defines food allergy as “an adverse health effect arising 
from a specific immune response that occurs reproducibly on exposure to 
a given food” [101]. Food allergens are recognized by the Codex 
Alimentarius as foods or ingredients that are known for causing 
hypersensitivity and hence shall always be declared. These group of 
substances comprises proteins from peanuts, tree nuts, fish [102–105], 
crustaceans, mollusks, wheat and gluten-based cereals, soy [106–108], 
eggs [109], milk [110–112], celery, mustard, sesame, lupin [113] and also 
sulphites at concentrations of 10 mg/kg or more [114]. All these trigger an 
immunologic mechanism represented almost exclusively by IgE-mediated 
severe adverse reactions [115].  
Adverse reactions to foods are in fact divided into non-toxic and toxic 
reactions, whereas the first ones are subdivided into immune- and  non-
immune-mediated reactions [116]. Symptoms of an immunological 
reaction depend from person to person and can involve digestive 
disorders, circulatory or respiratory symptoms or skin irritations, among 
others; besides, an allergic reaction can also provoke in some cases life-
threatening situations as anaphylactic shocks [117]. 
No current treatment or vaccine can be a cure for hypersensitive 
immune responses to food: for this reason, allergic individuals must 
strictly avoid the consumption of the allergenic food to prevent possible 
life-threatening reactions. Nevertheless, many patients could experience 
an accidental exposure to a known allergen, due to the complexity of food 
preparation methods in the modern diet, despite the careful effort put 
forth by manufacturers. Hence, food allergic patients are still at high risk 
of unintentionally consuming trace amounts of allergens that may have 
contaminated food products during the production line. For these reasons, 




labeled with “may contain”, that are being completely avoided for safety 
concerns [118]. Moreover, allergens may not always be identified by the 
consumer, both for unintentional reasons (such as product mislabeling) or 
even intentional ones (such as adulteration with low quality or unsafe 
ingredients for economic purposes) [119–121].  
In this perspective, it becomes clear that to establish an appropriate 
analytical methodology for detection of traces of allergens is of 
outstanding importance; moreover, the investigation on the effect of food 
processing on both allergenicity and detectability needs to be carried out. 
 
2.3.1 Milk Allergens 
Milk is a complex matrix in the form of an emulsion of butterfat 
globules within a water-based fluid that contains many nutrients, as 
dissolved carbohydrates (e.g. lactose) and protein aggregates with 
minerals. A study carried out in 2014 by Nwaru and collaborators about 
the incidence of the most popular food allergies throughout Europe [122] 
revealed that allergy to cow’s milk is, nowadays, the most frequent food 
allergy, especially in early-age children: it implies a percentage of around 
6% in the youngest population [123,124] and about 2–3% of infants [125]. 
Although milk is one of the food ingredients which should be listed on the 
label of commercial food products, most of the immunoreactions in 
consumers occurs because of an unexpected exposure to milk proteins 
even in “non-dairy” preparations, which might contain unlabeled 
additives or milk-based contaminants. 
Cow’s milk allergy (CMA) can be defined as any immuno-mediated 
adverse reaction to cow’s milk proteins, with symptoms usually occurring 
within 2 h after milk intake [126]. Cow’s milk contains more than 25 
different proteins, but only some of them have been identified as allergens: 
whey proteins alpha-lactalbumin (α-LA), beta-lactoglobulin (β-LG), 
bovine serum albumin (BSA), lactoferrin (LF) [127], four caseins [128]. 
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3. Electrochemical Set-Up 
3.1 Techniques 
Among all the electrochemical techniques used for labeled assay, 
voltammetry (in which the current is measured in relation to a potential 
variation) plays a special role. In particular, because of the increasing of 
the signal-to-noise ratio (due to the reduction of the background and 
capacitive current), which leads to an increase of the sensitivity, pulsed 
voltammetric techniques (such as DPV and SWV) have been widely 
applied. 
The use of a label-based approach, coupled with pulsed voltammetric 
techniques, allows the decreasing of the non-specific signal (with the 
consequent increasing of the sensitivity) but with an increase of the cost 
and of the working time of the assay [129,130]. 
In the label-free approach, the aptamer-analyte binding modifies the 
interfacial properties of the aptasensor surface. Different electrochemical 
techniques, such as CV, potentiometry, and EIS can be used. 
 
3.1.1 Cyclic Voltammetry 
Cyclic voltammetry (CV) is a powerful and popular electrochemical 
technique commonly employed to investigate the reduction and oxidation 
processes of molecular species [131] and largely applied for the 
determination of their thermodynamic and kinetic parameters [9].  
CV can be also applied for the characterization of the electrodic surface, 
fast determination of the redox potentials of electroactive targets and 
comparisons between different media effects on redox processes. 
In CV, the electrode potential ramps linearly versus time in cyclical 
phases (Figure 3.1). The changes that do appear on repetitive cycles are 





Figure 3.1. Potential waveform applied in cyclic voltammetry. 
The potential is measured between the working electrode and the 
reference electrode, while the current is measured between the working 
electrode and the auxiliary electrode. The results of this measurement are 
commonly reported as current (i) versus applied potential, or voltage (E), 
in a plot called voltammogram (Figure 3.2).  
 
Figure 3.2. Example of a cyclic voltammogram for a reversible redox process. 
By the analysis of a cyclic voltammogram, it is possible to determine 
the cathodic peak potential (Epc), related to the reduction process and the 
anodic peak potential (Epa), related to the oxidation process. Both processes 
define their characteristic peak current, indicated as ipc for the cathodic 
peak and ipa for the anodic one.  
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The analyte may display a reversible CV wave, which is observed 
when all of the initial amount of the analyte can be recovered after a 
forward and reverse scan cycle. The more reversible this process is, the 
more similar the oxidation peak will be in shape to the reduction peak. 
Reversibility implies that the system is at equilibrium at all potentials, 
which means that the Nernst equation is valid at these potentials. The peak 
current for a reversible system at 298 K is given by the Randles-Sevcik 
equation [133] (Equation 3.1) 
 
 𝑖𝑝 = (2.69 × 10
5) 𝑛3/2 𝐴𝑐𝐷1/2𝑣1/2 (3.1) 
 
where: 
▪ ip  is the peak current (A); 
▪ A  is the electrode area (cm2) 
▪ D is the diffusion coefficient (cm2/s) 
▪ c is the concentration of the analyte (mol/cm3) 
▪ v is the scan rate (V/s). 
The peak current is directly proportional to the concentration and it 
increases with an increase in the square root of the scan rate (v1/2).  
For a simple reversible couple, the magnitude of ipa is equal to that of ipc 




3.1.2 Differential Pulse Voltammetry 
Differential pulse voltammetry (DPV) is a voltammetry method used 
to make electrochemical measurements, with a series of regular voltage 
pulses superimposed on a linear potential sweep or stairsteps (Figure 3.3) 
[134]. 
 
Figure 3.3. Potential waveform applied in differential pulse voltammetry. 
The system of this measurement is usually the same as that of 
standard voltammetry. The potential between the working electrode and 
the reference electrode is changed from an initial potential to an interlevel 
potential by a pulse of a defined magnitude, the pulse amplitude (ΔEpulse), 
which remains constant for a defined time (Δtpulse); then it changes to the 
final potential, which is different from the initial potential. The value of 
the current between the working electrode and auxiliary electrode is 
sampled before the pulse application and before the pulse ending.  
The difference between these values is plotted against the potential, 
obtaining a peak-shaped voltammogram (Figure 3.4) with the peak height 
and area being directly proportional to the analyte concentration, while 
the peak position (defined by the peak potential) is related to the redox 
potential of different electroactive species.  




Figure 3.4. Example of a typical differential pulse voltammogram. 
The main advantages of DPV, as well as other pulsed voltammetric 
techniques, consist in increasing the signal-to-noise ratio because of the 
reduction of background currents and in reducing the interference of 
capacitive currents, as their decay is faster than that of faradaic currents. 
Compared to other non-pulsed voltammetric techniques, DPV relies on a 
higher sensitivity and lower LODs; moreover, the peak-shaped response 
allows the determination of species with a small separation in their redox 
potentials, making this technique to be particularly useful for mixture 
analysis. 
 
3.1.3 Electrochemical Impedance Spectroscopy 
Electrochemical impedance spectroscopy (EIS) is an analytical 
method that can provide information about the characteristics of an 
electrodic surface and about changes of bulk solution properties [135].  
EIS measurements are generally carried out in two different modes. 
▪ Galvanostatic mode. A sinusoidal alternating current (AC) is 
superimposed to a selected direct current (DC), giving a phase-shifted 
AC voltage as the response. 
▪ Potentiostatic mode. A sinusoidal AC voltage is superimposed to a 





By the variation of the frequency of the applied signal, the impedance 
(Z) of the electrode surface can be determined by the ratio between the 
time-dependent function of the applied AC potential E(t) and the related 














▪ E0 is the potential value at t = 0; 
▪ i0 is the current value at t = 0; 
▪ Z0 is the impedance value at t = 0; 
▪ ν is the frequency; 
▪ φ is the phase shift between the potential time function and the 
current time function (Figure 3.5). 
 
Figure 3.5. Phase-shifted potential and current time functions. 
Although impedance is only present in AC systems, it works in a 
similar manner as the resistance as it represents the total electron 
opposition within a circuit and takes into account contributions from 
resistors, capacitors and inductors; therefore, it is often presented as a 
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complex number (Equation (3.3)  
 
 𝑍 = 𝑍0(cos 𝜑 + 𝑗 sin 𝜑) = 𝑍
′ + 𝑗𝑍′′ (3.3) 
 
where: 
▪ j is the imaginary unit; 
▪ Z’ is the real part of the impedance, or resistance (R); 
▪ Z’’ is the imaginary part of the impedance, or reactance (X). 
Results of EIS measurements are generally reported in the form of a 
Nyquist plot in which the opposite of the imaginary component is plotted 
against the real one (Figure 3.6).  
 
Figure 3.6. Example of a Nyquist plot. 
An equivalent circuit (i.e. Randles circuit) is then properly selected to 
define the analytical information, mainly expressed in terms of double-
layer capacitance (Cdl, related to the charging of the double layer at the 
electrode interface), charge transfer resistance (Rct, that depends from the 
current flow produced by the redox reaction at the interface) or Warburg 
diffusion element (W, that models the diffusion process).  
In biosensor application, EIS spectroscopy can be used to characterize 




self-assembly of monolayers, probe immobilization), as well as to perform 
label-free quantitative measurements (e.g. interaction between the 
immobilized probe and the target, enzymatic production of insoluble 
species [136,137]). In comparison with other techniques, EIS allows a 
proper sensitivity for the evaluation of the bioreceptor-analyte interaction, 
despite the use of a specific instrumentation and data analysis [138,139]. 
 
3.2 Apparatus 
Voltammetric measurements were performed with PalmSens2 
portable potentiostat/galvanostat (PalmSens BV, Houten, The 
Netherlands) controlled by PSTrace 5.8 software for data acquisition and 
elaboration. Impedimetric measurements were performed with an 
Autolab PGSTAT 30(2) potentiostat/galvanostat (Metrohm Autolab BV, 
Utrecht, The Netherlands) equipped with a FRA2 module and controlled 
by NOVA 2.1 software for data acquisition and elaboration.  
The experimental data were fitted by using OriginPro 2020 software 
(OriginLab, Northampton, USA). 
Screen-printed electrochemical cells based on a graphite working 
electrode, a graphite counter electrode and a silver pseudo-reference 
electrode (EcoBioServices, Florence, Italy), in both single-cell (Figure 3.7) 




Figure 3.7. Schematic representation of a screen-printed electrochemical cell. CE: counter 
electrode; WE: working electrode; RE: reference electrode. 
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4. Nanostructured Platforms 
In the last years, the introduction of nanostructured systems in sensor 
devices has highlighted the possibility to obtain analytical systems 
characterized by high sensitivity, selectivity and reliability.  
Because the common biological systems (such as proteins, viruses, 
membranes, etc.) are nanostructured and their interactions take place at 
nanometric scale, nanomaterials become ideal candidates for the 
development of advanced biosensing devices. 
Nanostructures present several advantages in analytical applications 
and can be mainly used as transducers (due to their unique optical, 
chemical, electrical, and catalytic properties) or as a component of the 
recognition element of a biosensing device (due to the high surface-to-
volume ratio that increases the number of bioreceptors attached to the 
sensing surface) [140]. Finally, their dimensional scale (1–100 nm) allows 
the miniaturizing of the sensor, which is a very crucial point in the 
realization of portable devices. 
 
4.1 Conductive Polymers 
Traditionally, polymers were seen as good electrical insulators and 
most of their applications had relied on their insulating properties [141]. 
However, until three decades ago, researchers showed that certain classes 
of polymers exhibit semiconducting properties. Such materials can 
combine the high conductivity of metals with the mechanical properties of 
polymers, such as flexibility and the ease of thin film formation. 
Conductive polymers, also known as “fourth generation of polymeric 
materials”, have become competitive materials for biosensing applications 
and have recently attracted a lot of attention in this field [142,143].  
Some features like light weight, low cost, flexibility, biocompatibility and 




immobilization of bioreceptors.  
Conductive polymers can be prepared by electrochemical or chemical 
oxidation of corresponding monomers in various organic solvents and/or 
in aqueous media [144]. In particular, electrodeposited polymers have 
several advantages, including the ease of preparation of uniform films 
with a well-controlled thickness and a peculiar conductivity directly onto 
the electrodic surface [145–148]; in fact the electrochemical process allows 
to control such film properties by the synthesis parameters as the current 
density, the pH, and the nature and concentration of the electrolyte.  
The first time that a polymer was electrochemically prepared and 
characterized was in 1862 by Letheby [149], who carried out the 
electrolytic oxidation of a sulphatic solution of aniline (ANI) obtaining 
polyaniline (PANI), thus probably the earliest known synthetic polymer 
[150]. Since then, conducting polymers have been broadly used to modify 
electrodes for the development of electrochemical sensors and biosensors, 
as they also provide an increase of the effective superficial area [145]. 
Several polymer systems have been reported [151], being PANI [152], 
polyacetylene (PAc) [153], polypyrrole (PPy) [154], poly(3,4-
ethylenedioxythiophene) (PEDOT) [155] and polythiophene (PTh) among 




















PAc PPy PTh PEDOT 
Figure 4.1. Chemical structures of the most commonly used conductive polymers. 




PANI, historically called “aniline black” [157], is one of the pioneering 
conducting polymers, which can be synthesized both chemically and 
electrochemically. It has been found that PANI can exist in three different 
and isolable oxidation states at the molecular level; other oxidation states 
are the result of a physical mixture of these ones [158]. 
▪ Leucoemeraldine. Completely reduced form, composed of solely 
reduced base units — formula (C6H4NH)n; 
▪ Emeraldine. Intermediate oxidation state, composed of equal amounts 
of alternating reduced and oxidized base units — formula 
([C6H4NH]2[C6H4N]2)n; 
▪ Pernigraniline. Completely oxidized form, composed of solely 
oxidized base units — formula (C6H4N)n. 
PANI is popular among organic conjugated polymers because of its 
ease of synthesis, low cost, uniform conductive mechanism, and superior 
environmental stability in the presence of oxygen and water [159].  
In general, PANI has a high electrical conductivity only under acidic 
conditions due to its redox state associated with protonation of nitrogen 
atoms in the polymer backbone. Thus, one cannot expect a sufficient 
conductivity of PANI under neutral or alkaline conditions [160].  
As a consequence, the best charge stabilizing agents for PANI are strong 
acids, which are sometimes called “doping agents” as they introduce 
charge carriers into polymer chains [161]. 
PANI can not only be used as an immobilization platform for 
biomolecules owing to its favorable storage ability, film-forming ability 
and biocompatibility, but also act as electron mediator in redox or 
enzymatic reactions due to its excellent conductivity and inherent 
electroactivity [162]. Therefore, since PANI shows peculiar conductive 




a big deal, it is often doped with something that can increase these 
properties, such as noble metal NPs or conjugate carboxylic acids [143]. 
Incorporation of metals and metal oxides into conductive polymers can 
enhance electron transfer, improving their conductivity and their stability. 
The obtained composite materials with a well-controlled composition and 
electrochemical properties provide rapid and accurate sensing due to their 
selectivity, high sensitivity, many active sites, homogeneity, and strong 
adherence to the electrode. Specifically, PANI doped with gold 
nanoparticles (AuNPs) has been already characterized and successfully 
applied as an electrochemical platform for the biosensing of pesticides in 
the environmental field [72,163,164]. 
 
4.1.2 Poly(Aniline-co-Anthranilic Acid) 
A large variety of PANI derivatives can be prepared through 
substitutions in the ring or on the nitrogen atoms. Anthranilic acid (AA), 
a carboxylated aniline-based polymer capable of self-doping, is of interest 
as a soluble derivative of PANI that had been already used in clinical 
analysis  [165]. The obtained copolymer combines conductive properties 
of ANI with the ability of AA to bind the biocomponents through its 
carboxylic groups. 
4.1.3 Poly-L-Lysine 
Apart from the aforementioned aniline-based polymers, another 
polymer that has attracted attention is poly-L-lysine (PLL), due to its 
versatility, good biocompatibility, stability and good solubility in water 
[166,167]. It can be quickly prepared by electropolymerization of L-lysine, 
an essential aminoacid usually employed in protein biosynthesis [168]. 
This polymer was firstly described in 1977 by Shima and Sakai as a 
product of a fermentation of Streptomyces [169], and widely used as food 
preservative. PLL presents a great potential as an electrode modifier in 
electrochemical biosensors [170], as the related monomer does not exhibit 
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carcinogenic effects and thus can represent a more user-friendly 
alternative to ANI. 
 
4.2 Gold Nanoparticles 
Over the past few decades, metal NPs have attracted much attention 
due to their fascinating physical, chemical, optical and electronic 
properties, which are significantly different from those of the bulk 
materials [171].  
Among metal nanomaterials, gold plays a special role, as one the most 
studied and applied nanomaterial. AuNPs are a colloidal suspension of 
gold particles of nanometric dimensions. Even if the first application of 
AuNPs can be dated to the Roman Age to color glasses (for instance, the 
famous Lycurgus cup), the modern evaluation of colloidal gold began 
with the study of Faraday in the 1850s, which revealed that a colloidal gold 
solution shows different properties with respect to bulk gold (i.e. an 
intense red/purple color, in contrast with the bright yellow color of 
massive gold, Figure 4.2). 
 
 
Figure 4.2. Solutions of gold nanoparticles of increasing size. 
This phenomenon is due to their unique interaction with light called 
localized surface plasmon resonance (LSPR). When the oscillating electric 
field of incident light interacts with AuNPs, the free electrons of metal NPs 
undergo an oscillation with respect to the metal lattice. At a particular 
frequency, this process is resonant and allows the absorption of a specific 




that confers the characteristic intense color of AuNPs dispersions [172].  
The peculiar properties of AuNPs coupled to their easy synthesis, 
high compatibility with biological systems, and enhanced scattering and 
absorption have drawn particular attention in their application for 
developing sensors and biosensors [173]. 
In general, controlling the size of NPs is a key factor in the 
development of electrochemical sensing systems. An electrode surface can 
be easily modified by the direct electrodeposition of AuNPs, which was 
generally performed starting from an aqueous solution of HAuCl4 
prepared in acidic medium. Subsequently, Au(III) was reduced to Au(0) 
in the form of cluster aggregates by the application of a constant negative 
potential (or step potential) for a fixed time or by varying the potential for 
a different number of cycles at an optimal scan rate [174,175]. 
Exploiting the high affinity between gold and thiol groups, AuNPs 
have been successfully coupled with different thiolated biorecognition 
elements (such as aptamers/DNA probes, antibodies, enzymes, etc.) and 
extensively used in a wide range of sensing/signal amplification 
approaches, both in sandwich and label-free assays. 
Moreover, the inclusion of AuNPs in conductive polymers can 
enhance electron transfer through a direct or mediated mechanism with 
improved conductivity and enhanced stability [14]. 
  




4.3 Nanocomposite Conductive Materials 
As already sketched previously (Section 4.1), the properties of 
conductive polymers may be enhanced by the addition in the 
polymerization mixture of conjugate carboxylic acids or by the 
incorporation of noble metal NPs inside their porous matrix.  
Three different platforms were then developed and studied by combining 
these two elements: 
1. AuNPs/PANI/GSPE, obtained by depositing gold nanoparticles onto 
a polyaniline-modified GSPE; 
2. P(ANI-co-AA)/GSPE, obtained by electropolymerizing aniline and 
anthranilic acid in a single step onto a bare GSPE; 
3. AuNPs/PLL/GSPE, obtained by depositing gold nanoparticles onto a 
poly-L-lysine-modified GSPE. 
Apart from the conductivity enhancement achieved, the polymer is 
used to provide protection against fouling of the surface and a scaffold for 
dispersing and anchoring the metal particles [143], which could be 
subsequently used for the immobilization of bioreceptors. 
The nanostructured platforms were then employed in the 
development of different electrochemical aptasensors to detect compound 
of interest in food and environmental analysis, as described in the 
following chapters. The sensors were considered as single use, so, after 
each measurement, the electrodes were discarded. 
4.3.1 Polymerization and Deposition Protocols 
▪ Polyaniline. Electropolymerization of aniline was performed by 
following the optimized procedure described by Saberi et al. [143]. 
50 μL of a 2.5 mM ANI solution in 50 mM HClO4 were dropped onto 




for 10 scans from −0.4 V to +0.8 V at 50 mV/s scan rate. The modified 
cell was washed with 50 μL of a 0.5 M H2SO4 solution or Milli-Q 
water, depending on the subsequent modification. 
▪ Poly(aniline-co-anthranilic acid). Electropolymerization of aniline and 
anthranilic acid was performed by following the optimized procedure 
described by Lettieri et al [113]. 50 μL of a 2.5 mM equimolar solution 
of ANI and AA in 50 mM HClO4 were dropped onto the 
electrochemical cell and cyclic voltammograms were registered for 10 
scans from −0.2 V to +1.0 V at 50 mV/s scan rate. The modified cell was 
washed with 50 μL of Milli-Q water. 
▪ Poly-L-lysine. Electropolymerization of L-lysine was performed by 
following a procedure described by Kuralay and collaborators with 
some modifications [176]. 50 μL of a 10 mM L-lysine solution in 
50 mM phosphate buffer saline (PBS), 0.1 M NaCl, pH 7.5 were 
dropped onto the electrochemical cell and cyclic voltammograms 
were registered for 15 scans from −0.5 V to +1.5 V at 100 mV/s scan 
rate. The modified cell was washed with 50 μL of a 0.5 M H2SO4 
solution or Milli-Q water, depending on the subsequent modification. 
▪ Gold nanoparticles. Electrodeposition of gold nanoparticles was 
performed by following the optimized procedure described by Saberi 
et al [143]. 50 μL of a 0.5 mM HAuCl4 solution in 0.5 M H2SO4 were 
dropped onto the electrochemical cell and cyclic voltammograms 
were registered for 15 scans from −0.2 V to +1.2 V at 100 mV/s scan 
rate. The modified cell was washed with 50 μL of Milli-Q water. 
The polymerization profiles of PANI and P(ANI-co-AA) show a 
similar behavior (Figure 4.3). For potential values around +0.65 V and 
+0.72 V for PANI and the copolymer, respectively, the formation of the 
radical monomers decreases with the number of cycles: this is probably 
due to the fact that the polymer formed during the first cycles prevents the 
monomers from reaching the surface of the electrode. Thus, the 
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phenomenon that is mainly occurring is the growth of already formed 
chains, instead of the formation of new chains from the monomers.  The 
profiles also show the redox peaks corresponding to the oxidation and the 
reduction of the polymer being deposited onto the surface: in this case, the 






Figure 4.3. Cyclic voltammograms of (a) aniline and (b) aniline/anthranilic acid 
electropolymerization at a GSPE surface. 
The number of cycles for the electropolymerization was optimized by 
considering the growth of the current peak height after each cycle.  
No significant differences in the redox peaks were found in both cases by 
using 10 cycles and thus this value was used for the following 
experiments. These CV patterns are consistent with previous studies of 
electropolymerization of PANI [72] and PAA [165], since the redox peaks 
of the copolymer are located at potential values which are intermediate 
between the ones of the individual polymers.  
When AuNPs were electrodeposited onto the PANI-modified GSPEs, 
the current peak increased dramatically; moreover, the signals related to 
the redox behavior of PANI are becoming less visible in the 
voltammogram related to gold deposition and this confirms that the 





Figure 4.4. Cyclic voltammogram of gold nanoparticles electrodeposition at a 
PANI/GSPE surface. 
After having performed all the modification steps, the sensors were 
stored at 4 °C in dry conditions for further experiments. 
 
4.3.2 Electrochemical Characterization of the Platforms 
Bare and nanostructured GSPEs were characterized in all their 
modification steps by means of CV at different scan rates (25, 50, 75, 100, 
125, 150 mV/s) by dropping onto the SPEs 50 μL of 5 mM [Fe(CN)6]−4/−3 
redox probe (equimolar solution in 0.1 M KCl) and by scanning the 
potential from −0.5 V to +0.8 V. The current peak height was taken as the 
electrochemical signal and plotted against the square root of the scan rate. 
The obtained curve was fitted with the Randles-Sevcik equation [131] 
(Equation 3.1). The platform containing PANI and AuNPs was further 
characterized in presence of 1 mM [Ru(NH3)6]+2/+3 redox probe (equimolar 
solution in 0.1 M KCl) by scanning the potential from −0.55 V to +0.05 V. 
The choice of using two differently charged redox probes was done in 
order to understand the effect of the charge itself on the interaction of the 
redox probe with the modified electrodic surfaces. EIS measurements 
were also performed for this platform (frequency range: from 100 kHz to 
10 mHz, amplitude: 10 mV, DC potential: +0.13 V) in presence of 5 mM 
[Fe(CN)6]−4/−3 redox probe (equimolar solution in 0.1 M KCl).  
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Redox peaks were observed at the modified electrodes: PANI/GSPEs, 
AuNPs/GSPEs and AuNPs/PANI/GSPEs gave higher current response 









Figure 4.5. Cyclic voltammograms of bare and nanostructured GSPEs in presence of 
5 mM [Fe(CN)6]−4/−3 redox probe (equimolar solution in 0.1 M KCl).  













Figure 4.6. Cyclic voltammograms of bare and nanostructured GSPEs in presence of 
1 mM [Ru(NH3)6]+2/+3 redox probe (equimolar solution in 0.1 M KCl).  
(a) GSPE; (b) PANI/GSPE; (c) AuNPs/GSPE; (d) AuNPs/PANI/GSPE. 
Thus, the modified electrodes demonstrated a faster charge transport 
behavior, which was due to an increase of the effective surface area of the 
electrodes modified with different configurations. The scan rate study 
shows that both the anodic current (ipa) and cathodic current (ipc) increased 
with an increase in the scan rate (25–150 mV/s). The cooperation of PANI 
and AuNPs in the modified film amplified the peak current and 
reversibility of redox peaks, which can be related to the larger electroactive 
surface area of AuNPs/PANI/GSPE and electrocatalytic behavior of 
AuNPs, thus demonstrating the deposition of the nanostructured 
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materials. AuNPs are excellent electrical conductor; their incorporation 
generated multiple active sites, which facilitated the electron transfer 
across the PANI matrix during the electrochemical processes. A similar 
behavior was also observed for the P(ANI-co-AA) and the AuNPs/PLL 
platforms: the obtained results show that the cathodic and anodic current 
intensity peaks increase with increasing the scan rate 1, suggesting that the 
electron exchange of the redox probe towards the copolymer and the 
nanocomposite containing PLL is controlled by diffusion.  
Regarding the electroactive surface area, a different behavior was 
observed for the two different redox probes used for characterizing the 
platform containing PANI and gold (Table 4.1). 
Table 4.1. Electroactive areas of the different platforms (in mm2), calculated from the CV 
scans performed in [Fe(CN)6]−4/−3 and [Ru(NH3)6]+2/+3 redox probes. The percentage of 
variation was calculated with the average values (Ā) with respect to the unmodified GSPE. 










GSPE 6.8 6.2 6.5 7 - 
PANI/GSPE 7.8 8.3 8.0 5 +23 
AuNPs/GSPE 9.1 8.9 9.0 2 +38 
AuNPs/PANI/GSPE 9.3 9.2 9.2 1 +42 
P(ANI-co-AA)/GSPE 7.0 7.4 7.2 4 +11 
PAA/GSPE 6.4 7.2 6.8 7 +5 
GSPE* 3.6 3.8 3.7 5 - 
PLL/GSPE* 4.9 4.4 4.7 7 +27 











GSPE 1.8 2.1 2.0 10 - 
PANI/GSPE 0.8 1.4 1.1 36 −45 
AuNPs/GSPE 2.3 3.1 2.7 22 +35 
AuNPs/PANI/GSPE 2.1 2.4 2.3 8 +15 
*The characterization was conducted with a different batch of GSPEs. 
 
1 For the sake of conciseness, only the voltammograms related to the AuNPs/PANI nanocomposite 




In the case of the negatively charged redox couple ([Fe(CN)6]−4/−3), the 
value increased following the order GSPEs < PANI/GSPEs < AuNPs/ 
GSPEs < AuNPs/PANI/GSPEs, as the negative charge of the complex is 
probably being attracted by the positively charged amino groups of PANI 
polymeric backbone. The same trend was observed with the 
nanocomposite platform containing PLL. Regarding the copolymer, the 
value increased following the order GSPEs < PAA/GSPEs < P(ANI-co-
AA)/GSPEs and the extent of the increase is lower, probably due to the 
presence of the carboxylic groups of AA monomers. In the case of the 
positively charged redox couple ([Ru(NH3)6]+2/+3), the value increased 
following the order PANI/GSPEs < GSPEs < AuNPs/PANI/GSPEs < 
AuNPs/GSPEs; even if the use of PANI gave a more reproducible surface, 
the presence of the polymer established a charge repulsion with the redox 
probe, which led to a decrease of the electroactive area value with respect 
to GSPEs and AuNPs/GSPEs. EIS measurements confirmed the above 
findings about the AuNPs/PANI platform, as the obtained results are 
complementary to those given by CV: in fact, the diameter of the circular 
part  of the Nyquist plots (related to Rct) of the electrodes modified with 
different configurations decreased in the order GSPE > PANI/GSPE > 
AuNPs/PANI/GSPE (Figure 4.7). 
 
Figure 4.7. Nyquist plots of bare and modified GSPEs in presence of 5 mM [Fe(CN)6]−4/−3 
(equimolar solution in 0.1 M KCl): • GSPE, • PANI/GSPE, • AuNPs/PANI/GSPE.






5. Electrochemical Nanocomposite Single-Use 
Sensor for Dopamine Detection 
Sensors, 2019, 19(14), 3097 — DOI: 10.3390/s19143097 
 
5.1 Abstract 
In this work, we report the development of a simple and sensitive 
sensor based on graphite screen-printed electrodes (GSPEs) modified by a 
nanocomposite film for dopamine (DA) detection. The sensor was realized 
by electrodepositing polyaniline (PANI) and gold nanoparticles (AuNPs) 
onto the graphite working electrode. The sensor surface was fully 
characterized by means of the cyclic voltammetry (CV) technique using 
[Fe(CN)6]−4/−3 and [Ru(NH3)6]+2/+3 as redox probes. The electrochemical 
behavior of the nanocomposite sensor towards DA oxidation was assessed 
by differential pulse voltammetry (DPV) in phosphate buffer saline (PBS) 
at physiological pH. The sensor response was found to be linearly related 
to DA concentration in the range 1–100 μM DA, with a LOD of 0.86 μM.  
The performance of the sensor in terms of reproducibility and selectivity 
was also studied. Finally, the sensor was successfully applied for a 
preliminary DA determination in human serum samples. 








5.2.1 State of the Art 
The understanding of the chemistry of the brain, its structure, 
functions and, in particular, the neurotransmission process, has been a 
long-term goal. The brain plays a major role as both an information storage 
and a processing system. Neurotransmission is the process of exchanging 
and using of this information, and it occurs within a discrete group of 
highly specialized cells called neurons. Neurotransmitters are substances 
that aid in transmitting the impulses between the nerve cells, or between 
a nerve and a muscle, acting as messengers in the synaptic transmission 
process [177]. They are essential for human health and any imbalance in 
their activities can cause serious mental disorders. Neurotransmitters are 
present in various biological fluids, including serum, plasma, platelets, 
cerebral spinal fluid, urine, and saliva. 
Designed electrochemical sensors and micro-sensors have 
demonstrated a great potential for rapid, real-time measurements with 
high spatial resolution [178–181]. Therefore, they can facilitate the study 
of the role and action mechanism of neurotransmitters. Moreover, they can 
find potential uses in biomedicine because real-time monitoring of 
extracellular neurotransmitters concentration offers great benefits for the 
diagnosis and treatment of neurological disorders and diseases [182,183]. 
The use of electrochemical sensors for DA determination represents a 
perfect analytical approach considering their low cost and the short time 
required for the analysis. Moreover, they can be suitable for a routine 
chair-side test represented by a point-of-care testing (POCT) device. 
Different strategies have been employed to realize the modification of 
electrode surfaces for improving the selectivity, sensitivity, and accuracy 
[184–191]. Nanocomposite films involving conducting polymers have 
already been applied in DA detection. For instance, Zablocka et al. [192] 
reported the modification of a gold electrode with a PPy-mesoporous 
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silica molecular sieves nanostructured film, while Ali et al. [193] presented 
a PANI-carbon nanotubes composite applied via a nonoxidative approach. 
Many electrochemical approaches with low LODs for DA have been 
already presented [194–197] and most of them make use of glassy carbon, 
carbon paste [198], or gold electrodes, which are not disposable and whose 
surface is sometimes difficult to be properly cleaned or regenerated. 
 
5.2.2 Target Analyte 
DA is a neurotransmitter belonging to the catecholamine family. DA 
plays a crucial role in motor coordination, motivational behavior and the 
regulation of cognitive processes such as attention and working memory; 
it is also involved in reward pathways, which is important in mediating 
the effects of abusive drugs, and owns a peculiar importance also in the 
functioning of renal, hormonal and cardiovascular systems [199].  
DA acts on a range of receptors located in various brain regions and in the 
periphery. Alterations in the optimal DA concentration have been 
associated with different neurodegenerative (Parkinson’s) and psychotic 
(Schizophrenia, addiction) disorders [200]. Parkinsonian symptoms 
appear when dopaminergic neuronal death exceeds a critical threshold of 
70–80%. The decreased level of DA is directly associated with an 
uncontrolled motor function, which leads to an inability in neutralizing 
the imbalance in neurotransmitters. 
 
5.2.3 Strategy 
In this work, we combined the features of a conductive polymer and 
metallic NPs into an AuNPs/PANI nanocomposite film, directly realized 
onto the GSPEs surface, in order to detect DA neurotransmitter.  
The novelty of the realized sensor compared to those reported in literature 
was the use of a fast and easy-synthesizable nanocomposite film coupled 
with SPEs for faster, more sensitive, disposable and cost-effective 
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detection, which are features that could be all suitable in future POCT 
analysis. In order to assess the suitability of the developed sensor for a 
possible integration in an easy-to-use kit, and to evaluate the influence of 
the matrix effect, preliminary experiments were performed in certified 
human serum samples. 
 
5.3 Materials and Methods 
5.3.1 Chemicals 
Aniline (C6H7N), perchloric acid (HClO4), tetrachloroauric acid 
(HAuCl4), sulfuric acid (H2SO4), dopamine hydrochloride 
(C8H11NO2∙HCl), serotonin (C10H12N2O), uric acid (C5H4N4O3), di-sodium 
hydrogen phosphate (Na2HPO4), sodium di-hydrogen phosphate di-
hydrate (NaH2PO4·2H2O), sodium chloride (NaCl), potassium chloride 
(KCl), potassium ferrocyanide (K4[Fe(CN)6]), potassium ferricyanide 
(K3[Fe(CN)6]), hexamineruthenium(II) chloride ([Ru(NH3)6]Cl2), 
hexamineruthenium(III) chloride ([Ru(NH3)6]Cl3) and human male serum 
(type AB) were purchased from Merck KGaA (Darmstadt, Germany). 
Milli-Q water was used for all preparations. The buffer solution used in 
this work was 0.1 M PBS, 0.1 M NaCl, pH 7.0. 
 
5.3.2 Sensor Development 
In this study, an electrochemical nanocomposite sensor for DA 
determination was proposed. As illustrated in Figure 5.1, the protocol 
involves the following steps: (a) electropolymerization of ANI onto 
GSPEs; (b) AuNPs electrodeposition; (c) DA determination by DPV 
measurements. 




Figure 5.1. Scheme of the nanocomposite sensor for dopamine detection.  
(A) Electropolymerization of aniline; (B) electrodeposition of gold nanoparticles; (C) DA 
detection in 0.1 M PBS pH 7.0. 
A calibration curve was obtained by dropping various DA solutions 
at different concentrations (ranging from 1 μM to 100 μM) in PBS onto the 
nanocomposite sensor. DA, as an electroactive compound, was oxidized 
and detected by means of DPV by scanning the potential from +0.005 V to 
+0.6 V at 4 mV/s (2 mV step potential, 50 mV pulse potential, 0.05 s pulse 
time). The current peak height was taken as the electrochemical signal and 
plotted versus DA concentration. The obtained curve was fitted with a 
linear equation. Preliminary experiments for the determination of DA in 
human serum were also performed. The real samples were diluted at a 
proper ratio in PBS buffer and then spiked with standard addition of DA.  
The sensor response was then determined by DPV measurements, under 
the same conditions used for DA calibration curve. 
 
5.4 Results and Discussion 
5.4.1 Study of Dopamine Oxidation by CV 
As previously shown in Subsection 4.3.2, the electrode surface 
successfully modified with AuNPs and PANI provided the necessary 
conduction pathways, besides acting like a nanoscale electrode in 
promoting the electron transfer between the analyte and the electrode 
surface. The scan rate study was then performed in presence of DA to 
assess for the suitability of the nanostructured platform in the analysis of 
this neurotransmitter. DA was chosen as a model analyte because it can be 
easily determined by electrochemical analysis, oxidizing it at the electrode 
surface and measuring the related anodic peak current. 
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Cyclic voltammetry was performed using 50 μM DA in PBS at 
different scan rates (25, 50, 75, 100, 125 and 150 mV/s). The redox peak 
current height increased with increasing the scan rate from 25 mV/s to 
150 mV/s, as shown in Figure 5.2. 
 
(a) (b) 
Figure 5.2. (a) Cyclic voltammograms of AuNPs/PANI/GSPE performed with 50 μM 
dopamine in 0.1 M PBS pH 7.0 at different scan rates; (b) linear relationship between ip 
vs. v1/2. 
A good linearity was obtained between the redox peak current and 
the square root of the scan rate with correlation coefficients of 0.93 and 
0.97 for ipa vs. v1/2 and ipc vs. v1/2, respectively. The obtained results suggest 
that the electron transfer reaction at the electrode surface was controlled 
by diffusion processes. The linear relationship of the plot confirmed that 
the nanocomposite film was electroactive, conducting and confined to the 
surface. Since the developed AuNPs/PANI/GSPEs demonstrated a good 
electrochemical response towards DA, they were applied for its 
determination. 
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5.4.2 Dopamine Calibration Curve 
A calibration curve of DA in buffered solutions was obtained by DPV 
technique. An increase of the current peak height was recorded by 
increasing the DA concentration in the range from 0 μM to 100 μM (Figure 
5.3, a panel) and a linear relationship was obtained (iox = 0.015 [DA] + 0.007) 
with a good regression value of 0.998 (Figure 5.3, b panel).  





Figure 5.3. Dopamine detection at AuNPs/PANI/GSPE. (a) Differential pulse 
voltammograms performed with different DA concentrations; (b) calibration curve for 
DA. Each measurement was repeated at least five times using different sensors. 
The selectivity of the sensor was investigated by detecting 50 μM of 
DA solution in presence of possible interfering substances, such as uric 
acid and serotonin. These molecules coexist in biological fluids and their 
selective determination can be useful from a clinical point of view.  
In non-pathological conditions, the concentrations of uric acid and 
serotonin are in the micromolar range in serum, for this reason the 300 μM 
uric acid and 50 μM serotonin solutions were tested. The potential peak 
values were well separated resulting at +84 mV for DA, +251 mV for 
serotonin and +367 mV for uric acid (Figure 5.4). Therefore, DA can be 
successfully measured even in the presence potential interferents by the 
AuNPs/PANI/GSPEs sensor, while at bare, unmodified electrodes, their 
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selective determination is not possible because of the proximity of their 
oxidation potentials [201]. 
 
Figure 5.4. Differential pulse voltammograms performed with 50 μM dopamine, 300 μM 
uric acid and 50 μM serotonin in 0.1 M PBS pH 7.0. 
 
5.4.3 Serum Samples Analysis 
In order to evaluate the operability of the proposed sensor, some 
preliminary experiments in human serum samples were performed.  
With this aim, commercial serum was diluted with PBS and then spiked 
with DA standard solutions, without any other pretreatment. The DA 
response was then determined by DPV measurements, in the same 
conditions used for the calibration curve of DA buffered solutions. 
In order to choose the proper dilution ratio, preliminary experiments 
were performed by spiking with 50 μM DA the serum samples diluted at 
different ratios and by comparing the obtained signals (isample) with that of 
50 μM DA in PBS (i1). The results are shown in Table 5.1. 
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Table 5.1. Measurements of 50 μM dopamine current peak height by varying the dilution 
ratio of serum samples in 0.1 M PBS pH 7.0. Each measurement was repeated at least five 
times using different sensors. 
Dilution ratio isample/i1 %RSD 
1:5 0.10 1.2 
1:10 0.07 1.5 
1:20 0.16 0.8 
1:40 0.23 0.7 
 
The obtained results showed that by increasing the dilution ratio, the 
isample/i1 value increases, as the matrix effect was less significant on the 
sensor response, so a 40-fold dilution was chosen. DA was then spiked at 
different concentrations in the as-diluted serum and a linear calibration 
curve (iox = 0.006 [DA] + 0.439, R2 = 0.992) was obtained (Figure 5.5). 
 
Figure 5.5. Calibration curve for dopamine in 40-fold diluted serum. Each measurement 
was repeated at least five times using different sensors. 
The %RSD, calculated using at least five measurements with different 
SPEs, was 2%. These results confirmed the suitability of the use of the 
proposed nanocomposite sensor for the determination of DA in serum 
analysis. 




In this work, we have designed a fast and easy strategy for the 
modification of GSPEs with PANI and AuNPs for DA electrochemical 
detection. The nanocomposite sensor facilitates the electron transfer, 
which leads to an increase in sensitivity towards DA oxidation at the 
sensor surface. A good linear relationship between the current peak values 
and the DA concentration in the range from 1  μM to 100 μM, with a LOD 
of 0.86 μM, was obtained. Good sensitivity and reproducibility were 
achieved for DA detection, with a linear response that meets clinical needs. 
The sensor was then preliminarily applied to measure DA in human 
serum. Even if in vivo studies should always be performed to test the actual 
applicability of the device, the easiness of this nanocomposite sensor 
building procedure combined with the use of a portable instrument confer 
upon it a great potential to be used as a disposable, cost-effective, and fast 
device for DA detection in point-of-care analysis. 
 






6. DNA-based Sensor for the Detection of an 
Organophosporus Pesticide: Profenofos 
Sensors, 2018, 18(7), 2035 — DOI: 10.3390/s18072035 
 
6.1 Abstract 
In this work, we propose an electrochemical DNA aptasensor for the 
detection of profenofos, an organophosphorus pesticide (OPP), based on 
a competitive format and disposable graphite screen-printed electrodes 
(GSPEs). A thiol-tethered DNA capture probe, that results to be 
complementary to a portion of the chosen aptamer sequence, was 
immobilized on gold nanoparticles/polyaniline composite film-modified 
electrodes (AuNPs/PANI/GSPE). Different profenofos solutions 
containing a fixed amount of the biotinylated DNA aptamer were dropped 
onto the realized aptasensors. The hybridization reaction was measured 
by using a streptavidin-alkaline phosphatase (ALP) enzyme conjugate, 
which catalyzes the hydrolysis of 1-naphthyl phosphate (1-NPP).  
The enzymatic product 1-naphtol (1-NPOH) was detected by means of 
differential pulse voltammetry (DPV). The aptasensor showed itself to 
work as a signal-off sensor, according to the competitive format used.  
A dose response curve was obtained between 0.10 M and 10 M with a 
LOD of 0.27 M. 
Keywords: screen-printed electrodes; aptasensor; nanoparticles; 
organophosphorus pesticide; profenofos. 
 
  




6.2.1 State of the Art 
To date, the detection and the quantification of pesticides are 
generally based on conventional chromatographic techniques coupled 
with mass spectrometry [69], which provide sensitive and selective 
detection. In particular, profenofos detection had been carried out both 
through a gas-liquid chromatographic method using a flame-ionization 
detector [202] and a HPLC-based method using a diode array detector 
[203]. 
Chromatographic techniques commonly require highly skilled 
personnel and are not suitable for screening analysis. Thus, biosensors 
development for pesticide analysis represents a rapid, cost-effective, and 
easy alternative to conventional techniques for environmental monitoring, 
including in situ analysis [70]. The main drawback in developing 
biosensors for detecting pesticides consists in the synthesis of antibodies 
for these highly toxic targets. In this perspective, the use of biomimetic 
receptors such as DNA aptamers has recently become an interesting 
alternative, since they have shown themselves as good candidates as 
recognition elements in robust and stable biosensors for pesticide 
detection [14,76,164]. 
Recently, some aptamer-based biosensors have been developed for 
the determination of OPPs. A colorimetric assay was developed 
employing AuNPs modified with an aptamer for the detection of 
omethoate. The aptamer showed high selectivity towards omethoate, 
resulting in the disconnection of aptamer molecules from AuNPs and in 
their aggregation. Using the OPP-binding aptamer and target-induced 
color changes in AuNPs, this biosensor showed a good linearity between 
0.1 μM and 10 μM, with LOD of 0.1 μM [204]. A similar approach was 
developed for the colorimetric detection of malathion employing an 
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aptamer, a cationic peptide and unmodified AuNPs. The biosensor was 
found to be linear in the range 0.01–0.75 nM with a LOD of 1.94 pM [205]. 
An electrochemical aptasensor based on copper oxide nanoflowers 
and single walled carbon nanotubes nanocomposite for chlorpyrifos 
detection was developed from Huo et al. A good linearity for chlorpyrifos 
ranging from 0.1 ng/mL to 150 ng/mL, with a low LOD of 70 pg/mL was 
obtained [206]. 
Different optical and photoelectrochemical affinity sensors for 
profenofos detection, based on MIPs and calixarenes, were also reported 
in literature [207–209]. 
 
6.2.2 Target Analyte 
Profenofos, O-(4-bromo-2-chlorophenyl)-O-ethyl-S-propyl 
phosphorothioate, is a liquid with a color ranging from pale yellow to 
amber and a garlic-like odor which was first registered in the United States 
in 1982 and is extensively used nowadays for efficient control of insect 
pests. Its mechanism of action can induce significant inhibitory effects on 
acetylcholinesterase activity, as well as instability of erythrocyte 
membrane [210]. Although it is used in the form of a racemate, the S(−) 
isomer is a more potent inhibitor. As of 2015, it is no longer approved in 
the European Union [211]. 
 
6.2.3 Strategy 
In this work, we developed for the first time an electrochemical DNA 
aptasensor for profenofos based on a competitive assay format.  
The DNA aptamer was selected from a library of aptamers, built by 
SELEX, as it proved itself to show one of the highest ability to bind 
profenofos (Kd = 1 µM) among three other OPPs [212]. A thiol-tethered 
DNA capture probe, that results to be complementary to a portion of the 
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chosen aptamer sequence, was immobilized on the surface of 
AuNPs/PANI composite film-modified GSPEs. Different profenofos 
solutions containing a fixed amount of the biotinylated DNA aptamer 
were dropped onto the realized aptasensors. The hybridization reaction 
was measured by using a streptavidin-ALP enzyme conjugate, which 
catalyzes the hydrolysis of 1-NPP to 1-NPOH. The enzymatic product was 
detected by means of DPV. The aptasensor showed itself to work as a 
signal-off sensor, according to the competitive format used.  
This innovative method combines the portability of screen-printed 
electrochemical cells and of a computer-controlled instrument to ensure 
the possibility of a disposable and cost-effective in situ analysis. 
 
6.3 Materials and Methods 
6.3.1 Chemicals 
Aniline (C6H7N), perchloric acid (HClO4), tetrachloroauric acid 
(HAuCl4), sulfuric acid (H2SO4), DL-dithiothreitol (C4H10O2S2), 6-mercapto-
1-hexanol (C6H14OS), profenofos, paraoxon, bovine serum albumin, 
streptavidin-alkaline phosphatase enzyme conjugate, 1-naphthyl 
phosphate disodium salt (Na2C10H7O4P), p-nitrophenyl phosphate 
disodium salt hexahydrate (Na2C6H4NO6P·6H2O), ethanol (C2H6O), 
tris(hydroxymethyl) aminomethane (C4H11NO3), di-sodium hydrogen 
phosphate (Na2HPO4), sodium di-hydrogen phosphate di-hydrate 
(NaH2PO4·2H2O), diethanolamine (C4H11NO2), potassium chloride (KCl), 
magnesium chloride hexahydrate (MgCl2·6H2O), potassium ferrocyanide 
(K4[Fe(CN)6]), potassium ferricyanide (K3[Fe(CN)6]) were purchased from 
Merck KGaA (Darmstadt, Germany). Pear juice was purchased in a local 
market. Milli-Q water was used for all preparations. 
The DNA sequences were purchased from Eurofins Genomics GmbH 
(Ebersberg, Germany) and are listed below. 
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▪ Thiol-tethered complementary oligonucleotide sequence (oligo-SH): 
5’-(SH)-(CH2)6-CCG ATC AAG AAT CGC TGC AG-3’;  
▪ Biotinylated DNA aptamer (apt-BIO): 5’-(biotin)-TEG-AAG CTT GCT 
TTA TAG CCT GCA GCG ATT CTT GAT CGG AAA AGG CTG AGA 
GCT ACG C-3’. 
Prior to immobilization, the thiol-modified DNA sequence was 
treated with DTT, purified by elution through a NAP-5 column of 
Sephadex G-25 DNA grade resin (Cytiva, Little Chalfont, UK) and then 
quantified by measuring UV absorption at 260 nm. 
The buffer solutions used in this work are: 
1. storage buffer: 10 mM TRIS buffer, pH 8.0; 
2. immobilization buffer: 0.5 M phosphate buffer, pH 7.0;  
3. detection buffer: 0.1 M DEA buffer, 0.1 M KCl, 1 mM MgCl2, pH 9.6. 
 
6.3.2 Apparatus 
UV absorption measurements were carried out with a Varian Cary 
100 Bio UV spectrophotometer equipped with a 6+6 peltier thermostatable 
multicell holder and built-in temperature probes. The results were 
analyzed with Thermal application provided in the Cary 100 Bio software 
suite. Secondary structures of both the DNA sequences were predicted 
through the MFold algorithm [213]. 
 
6.3.3 DNA Melting Curve Studies 
The hybridization reaction between the DNA capture aptamer (apt-
BIO) and the selected complementary sequence (oligo-SH) was assessed 
by recording melting curves; melting temperatures were obtained as first-
order derivative plot of absorbance versus temperature. 
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100 L of 1 M oligonucleotide solutions in immobilization buffer 
were placed into quartz microcuvettes (1 cm path length) and the 
temperature was increased from 25 °C to 95 °C at constant rate of 1 °C/min 
directly inside them through the immersed probe into the sample 
solutions. At the same time, the absorbance at 260 nm was monitored at 
1 nm spectral bandwidth. Immobilization buffer was used as a blank 
solution. The entity of the interaction between the DNA aptamer and the 
target pesticide was also investigated in the same conditions. 
 
6.3.4 Aptasensor Development 
The developed DNA aptasensor assay was based on a competitive 






Figure 6.1. Scheme of the DNA-based sensor assay for profenofos detection.  
(a) GSPE surface modification: A) electropolymerization of aniline; B) electrodeposition 
of gold nanoparticles; C) thiolated DNA capture probe immobilization; D) mixed SAM 
formation with 6-mercapto-1-hexanol. (b) Hybridization and detection: affinity reaction 
between profenofos at different concentrations and biotinylated DNA aptamer sequence 
in solution; A) hybridization reaction between DNA aptamer and the immobilized DNA 
capture probe; B) coupling with streptavidin-alkaline phosphatase enzyme conjugate;  
C) incubation with 1-naphthyl phosphate enzymatic substrate and detection of 1-naphthol 
enzymatic product. 
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6.3.4.1 DNA Probe Immobilization 
The nanostructured GSPEs were modified by self-assembly of a 
mixed monolayer of thiolated DNA capture probe (oligo-SH) and 6-
mercapto-1-hexanol (MCH) [214]. The purified thiolated complementary 
sequence was subjected to a thermal treatment by heating it at 90 °C for 
5 min and cooling it down to room temperature.  
7 L of 2 M capture probe solution were then deposited onto the 
modified surface of the working electrode and chemisorption was allowed 
to proceed overnight ( 16 h). During this period, the sensors were stored 
in petri dishes at 4 °C to protect the solution from evaporation. To remove 
unbound oligonucleotide sequences, the surface was washed three times 
with 15 L of immobilization buffer. 
This immobilizations step was followed by the formation of a self-
assembled monolayer (SAM) by incubation with 7 L of 1 mM MCH 
aqueous solution for 60 min. Finally, the aptasensors were washed with 
15 L immobilization buffer for three times. 
 
6.3.4.2 Profenofos Detection 
To obtain a dose-response calibration curve, profenofos detection was 
performed by dropping a solution containing a proper concentration of 
biotinylated DNA aptamer (apt-BIO) and the target pesticide onto the 
sensor surface and by allowing the competitive reaction to proceed.  
In particular, the affinity reaction between 0.5 M biotinylated DNA 
aptamer and the target pesticide in the concentration range 0–10 M was 
first performed in solution; then, after 40 min, 7 L of these solutions were 
incubated for other 30 min onto the sensors surface. The aptasensors were 
then rinsed for three times with 15 L detection buffer. 
 
DNA-based Sensor for the Detection of an Organophosporus Pesticide: Profenofos 
64 
 
6.3.4.3 Enzymatic Labeling and Electrochemical Measurements 
The biotinylated hybrids formed onto the developed aptasensor 
surface were further incubated with 15 L of a solution containing 1 U/mL 
of streptavidin-ALP conjugate and 8 mg/mL of BSA in detection buffer. 
After 10 min, each sensor was washed three times with 100 L detection 
buffer for two cycles of washings.  
Then, after this labeling step, 50 L of 1 mg/mL 1-NPP solution in 
detection buffer were placed onto the disposable aptasensors.  
After 20 min, the electroactive enzymatic product thus formed (1-NPOH) 
was detected by DPV by scanning the potential from 0 V to +0.6 V at 
40 mV/s (5 mV step potential, 70 mV modulation amplitude) [215]. 
The current peak height was taken as the electrochemical signal.  
The signal is expressed in relative percent units as Sx/S0 (i.e. ratio between 
measured signal to blank signal) and plotted against profenofos 
concentration. The obtained curve exhibits the typical sigmoidal shape of 
a competitive assay and was fitted with a Boltzmann-type sigmoidal 
equation [216] (Equation (6.1): 
 
 𝑆𝑥/𝑆0 =  𝐴2 +  
𝐴1 −  𝐴2
1 + 𝑒([𝑃𝑟𝑜𝑓𝑒𝑛𝑜𝑓𝑜𝑠]− 𝑥0)/𝑑𝑥
  (6.1) 
 
where A1 is the y value at the top plateau at the curve, A2 is the y value 
at the bottom plateau, x0 is the x value at which y is halfway between 
bottom and top and dx is the slope of the linear part of the curve. 
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6.4 Results and Discussion 
6.4.1 Studies on the Affinity of the DNA Aptamer for the Target 
Pesticide 
The selective binding of targets is strongly influenced by the 
secondary structures of DNA sequences, since aptamers themselves are 
subjected to conformational changes that create many weak bonds, in 
order to capture the target molecule. The secondary structures thus 






Figure 6.2. Secondary structures of (a) apt-BIO and (b) oligo-SH sequences as predicted 
with MFold algorithm at 25 °C in 0.5 M phosphate buffer, pH 7.0 ([Na+] = 0.8 M).  
The bond between G and C is shown in red to indicate its stability. 
The prediction temperature was set at 25 °C and the ionic strength 
was regulated according to the immobilization buffer solution used.  
The drawing mode was set to untangle with loop fix, while the other 
parameters were left as default settings. From the predicted 
conformations, apt-BIO prevalently shows a single-stranded structure 
characterized by three differently-sized loops, while oligo-SH shows a 
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single-loop structure in the same conditions, because of its shorter length. 
For this reason, the hybridization reaction between the two DNA strands 
is more efficient compared to the one that would occur in presence of any 
other sequence with a more stable secondary structure. 
The affinity of the receptor for the analyte and for the chosen 
complementary sequence was assessed by comparing these structures 
with preliminary studies on the melting temperatures of the aptamer 
alone and in presence of its complementary sequence or the pesticide 
(Table 6.1).  
The obtained Tm values for the biotinylated aptamer in presence of the 
thiolated capture probe or profenofos are close to the one related to the 
aptamer alone; moreover, the overlapping region of the two 
oligonucleotides is located on the medium-size loop. This suggests that 
also the interaction with profenofos takes place in the same region. 
 
Table 6.1. Melting temperature (Tm) values, as obtained from analyzing melting curves. 
Sample* Tm (°C) 
Apt-BIO 54.0 
Apt-BIO + oligo-SH 58.0 
Apt-BIO + profenofos 57.0 
*Concentration: 1 M each. 
 
6.4.2 Aptasensor Development 
6.4.2.1 Competitive Assay 
In order to develop the competitive aptamer-based assay for 
profenofos detection, the thiolated DNA capture probe was immobilized 
on modified graphite screen-printed working electrodes and the 
hybridization reaction with increasing concentrations of the biotinylated 
aptamer sequence was performed in accordance with previously reported 
studies [7,14]. Apt-BIO is functionalized with biotin in 5’-end, in order to 
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interact with streptavidin-ALP enzyme conjugate. The current peak height 
increased linearly with apt-BIO concentration up to 0.5 μM, where a 
plateau was reached (Figure 6.3). 
 
Figure 6.3. Hybridization curve between immobilized oligonucleotide sequence (2 µM) 
and biotinylated aptamer sequence (0.005–0.5 µM) in immobilization buffer.  
Each measurement was repeated at least five times using different sensors. 
This behavior is due to the limited number of biorecognition sites that 
were bound onto the sensor surfaces. The concentration of 0.5 μM apt-BIO 
was thus used for all experiments involving profenofos, since to perform 
the competitive assay it is necessary to work in saturation conditions to 
obtain the maximum signal value in absence of the analyte. 
 
6.4.2.2 Profenofos Detection 
The pesticide detection was performed by competitive assay. In order 
to check if the pesticide itself, as an organophosphorus compound, could 
constitute an inhibition element for the phosphatase enzyme used in the 
labeling step, spectrophotometric measurements were carried out. 
Absorbance at 405 nm was collected for the biotinylated aptamer 
sequence, profenofos and the enzyme in presence of p-nitrophenyl 
phosphate colorimetric enzymatic substrate). No significantly different 
values were obtained compared to the ones collected without profenofos, 
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confirming that the pesticide is not interfering with the enzymatic activity 
(data not shown).  
Different solutions containing a fixed concentration (0.5 μM) of apt-
BIO and increasing profenofos concentrations were thus analyzed.  
A decrement of the current peak height was recorded by increasing the 
concentration of the pesticide and a dose-response curve for profenofos 
was obtained in the range 0.1–10 μM. The signal is reported as Sx/S0 
percent units, that is the percentage of the signal decrease with respect to 
the blank value (Figure 6.4). 
 
Figure 6.4. Profenofos dose-response curve. Each measurement was repeated at least five 
times using different sensors. 
The fitting of experimental data values gives the Equation (6.2: 
 
 𝑆𝑥 𝑆0⁄ =  42.2 +  
127.2
1 +  𝑒([𝑃𝑟𝑜𝑓𝑒𝑛𝑜𝑓𝑜𝑠]+0.3)/1.7
  (6.2) 
 
showing a correlation coefficient R2 of 0.997. The LOD was calculated 
as previously reported by Taylor et al. [217] and a value of 0.27 μM was 
obtained. The reproducibility of the aptasensor was also evaluated by 
multiple analysis of each standard profenofos solution.  
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Aptamer cross-reactivity with another OPP, paraoxon, was tested: 
paraoxon is the active metabolite of parathion, a molecule with a strong 
insecticidal and acaricidal effect, and the exposure to this molecule 
produces high mortality [218]. Paraoxon solutions at different 
concentrations (1 μM and 5 μM) were tested: the results are in accordance 
with the inhibition ratios obtained for nine structurally similar pesticides 
(e.g. acetamiprid, chlorpyrifos, parathion, etc.) [212], indicating that the 
aptamer sequence displays weak affinity with the above molecules, and 
thus to paraoxon. The described aptasensor was confirmed as a promising 
analytical tool for pesticide detection, since the tested concentrations gave 
an average 0.2% RSD value for five repetitions of each standard solution. 
 
6.4.2.3 Fruit Juice Samples Analysis 
Once verified the suitability of the aptasensor for detecting profenofos 
in standard solutions, preliminary experiments on spiked commercially 
available pear juice samples were carried out after their dilution (1:10) in 
immobilization buffer. The aptasensor response was then determined by 
DPV measurements, in the same conditions used for the pesticide 
calibration curve (Figure 6.5). 
 
Figure 6.5. Differential pulse voltammograms performed in pear juice samples spiked with 
profenofos standard solutions (final concentrations: 1.0 µM and 5.0 µM). 
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The signal was found to decrease by increasing the profenofos spiked 
concentration in the analyzed samples. A stronger matrix effect was 
observed by increasing the pesticide spiked concentration, resulting in a 
decrease of the recovery value. The results obtained for the spiked samples 
with standard addition of profenofos are shown in Table 6.2. 
 
Table 6.2. Recovery values obtained from the analysis of profenofos-spiked pear juice 
samples. Each measurement was repeated at least five times using different sensors. 
Profenofos spiked (µM) Profenofos found (µM) Recovery (%) %RSD 
1.0 0.87 87% 7 
5.0 2.45 49% 8 
 
6.5 Conclusions 
Affinity-based biosensing can contribute to pesticide detection as a 
valid and innovative analytical approach. In this work, we developed for 
the first time a simple and cost-effective aptasensor for the direct 
determination of profenofos pesticide, based on a competitive format and 
disposable screen-printed electrochemical cells. From the obtained results, 
this analytical tool has proven itself to be promising for application in real 
samples analysis, since it involved low amounts of reagents and easy-to-
prepare portable aptasensors. All these features make it suitable for the 
realization of a commercial kit.  





7. Electrochemical Enzyme-Linked Oligonucleotide 
Array for Aflatoxin B1 Detection 
Talanta, 2019, 203, 49 — DOI: 10.1016/j.talanta.2019.05.044 
 
7.1 Abstract 
In this work, an electrochemical enzyme-linked oligonucleotide array 
to achieve simple and rapid detection of aflatoxin B1 (AFB1) is presented. 
The assay is based on a competitive format and disposable screen-printed 
cells (SPCs). Firstly, the electrodeposition of poly(aniline-co-anthranilic 
acid) copolymer (P(ANI-co-AA)) on graphite screen-printed working 
electrodes was performed by means of cyclic voltammetry (CV).  
AFB1 conjugated with bovine serum albumin (AFB1-BSA) was then 
immobilized by covalent binding on P(ANI-co-AA) copolymer.  
After performing the affinity reaction between AFB1 and the biotinylated 
DNA-aptamer (apt-BIO), the competition was carried out on the modified 
SPCs. The biotinylated complexes formed onto the sensor surface were 
coupled with a streptavidin-alkaline phosphatase (ALP) conjugate.  
1-naphthyl phosphate (1-NPP) was used as the enzymatic substrate; the 
electroactive product was detected by differential pulse voltammetry 
(DPV). The response was signal-off, according to the competitive format 
used. A dose-response curve was obtained between 0.1 ng/mL and 
10 ng/mL with a LOD of 0.086 ng/mL. Finally, preliminary experiments in 
maize flour samples spiked with AFB1 were also performed. 
Keywords: aptasensor; aflatoxin; conductive polymer; screen-printed 
electrode; mycotoxin. 
 




7.2.1 State of the Art 
In the actual context of intensive agriculture and food industry 
growth, food safety is progressively becoming a global issue; the 
assessment of food quality in agrifood field requires nutrients monitoring 
and fast screening of contaminants. In this perspective, the increasing 
interest of developing biosensors for food quality control is justified by the 
fact that they come to meet the requirements of fast and on-field analysis; 
moreover, compared to conventional methods used for these analysis 
(such as spectrophotometric or chromatographic methods), biosensors 
have the incontestable advantages of selectivity, which allows direct 
detection with minimal sample pretreatment, low cost and portability [71]. 
There is a growing interest to apply aptamer-based approaches for 
food analysis in response to most significant challenges posed by food 
industry. Most approaches to analyze toxins are still limited to ochratoxin 
A (OTA), considered as a model target among mycotoxins [219].  
However, in recent years, increasing efforts have been focused on the 
development of aptamer-based sensors for AFB1 [220], which mostly 
exploit optical techniques as the transduction element [221].  
In the work of Sabet et al., aptamer-conjugated quantum dots (QDs) were 
adsorbed to AuNPs leading to a quenching effect on QDs fluorescence, 
which was being recovered upon addition of AFB1, resulting in a 
nanobiosensor with a LOD of 3.4 nM to be applied in rice and peanut 
samples [222]. A similar approach was reported by Chen et al. for the 
analysis of infant rice cereal, in which the binding of AFB1 to its specific 
fluorescein-labeled aptamer caused the release of a complementary DNA 
strand bearing a quencher moiety; the LOD was found to be 1.6 ng/mL 
[223]. Conversely, a surface plasmon resonance (SPR) aptasensor in a 
direct assay format was developed by Sun et al. by immobilizing the 
aptamer onto a commercial sensor chip, which can be regenerated by 
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passing a flow of buffer over it. The sensor showed a LOD of 0.4 nM; it 
was applied in the analysis of diluted red wine and beer [224].  
A dual lateral flow aptasensor was developed by Zhu et al. using AFB1 as 
the model target and was validated using 11 kinds of food and feedstuff 
samples (e.g. protein powder, rice, cake flour, cottonseed meal) with a 
simple aqueous extraction protocol [225]. Among various biosensors for 
AFB1 detection, electrochemical biosensors for the detection of aflatoxins 
play a prominent role due to their sensitivity, selectivity, low cost, 
simplicity and, in some cases, portability [226]. The sensing strategy 
proposed by Abnous et al. was based on the π-shape structure formed by 
an aptamer and its complementary strands, which acts as a physical 
barrier. In absence of the target mycotoxin, the structure remained intact 
and a weak peak current was obtained; upon the addition of AFB1 the 
structure was disassembled, and a strong current was recorded.  
The aptasensor was then applied for the analysis of human serum and 
grape juice [227].  
According to our knowledge, only few biosensors based on 
competitive approaches using AFB1-BSA are reported in literature.  
An electrochemical immunosensor based on the immobilization of AFB1-
BSA onto magnetic NPs was developed by Piermarini et al. The LOD and 
the sensitivity of the assay were calculated to be 0.6 ng/mL and 1.5 ng/mL, 
respectively [228]. To date, two examples of optical aptamer assays 
exploiting AFB1-BSA as the immobilized element have been reported 
[229,230]. 
 
7.2.2 Target Analyte 
Among all known aflatoxins, AFB1 (which was first described in the 
early 1960s) is considered the most toxic and listed as a potent human 
carcinogen: according to the International Agency of Research on Cancer 
(IARC) classification, it is designated as first hazard class and is primarily 
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responsible for hepatocellular carcinoma in humans [220].  
In animals, AFB1 has also been shown to be mutagenic, teratogenic and to 
cause immunosuppression [231–233]. The contamination of this toxin 
often occurs in cereals (e.g. maize, rice, barley), wine, spices, nuts (e.g. 
peanuts), soy products as well as animal feeds [230]. Aflatoxins are most 
commonly ingested; however, AFB1 retains the ability to permeate 
through skin [234]. 
 
7.2.3 Strategy 
In this work, we present an innovative electrochemical enzyme-linked 
oligonucleotide array for AFB1 detection based on a competitive assay 
format, in which an AFB1-BSA conjugate was immobilized on modified 
GSPEs. The DNA aptamer used in this work was selected from a library 
of aptamers, built by SELEX, and proved itself to have the best affinity for 
AFB1 [235]. The AFB1-BSA conjugate was covalently immobilized on 
P(ANI-co-AA) conductive film, directly electropolymerized onto the 
GSPEs surface by means of CV. Different AFB1 solutions, containing a 
fixed amount of the biotinylated oligonucleotide, were placed onto the 
realized sensors to let the competition between bound and free AFB1 
molecules for the binding with the biotinylated DNA aptamer to take 
place. The competition reaction was traced by a streptavidin-ALP enzyme 
conjugate. The enzymatic substrate 1-NPP was then added. The enzymatic 
product 1-NPOH was detected by DPV. The developed assay showed a 
signal-off behavior, according to the competitive format used. Finally, 
preliminary experiments in maize flour samples spiked with AFB1 were 
also performed. The portability of SPCs and a computer-controlled 
instrument are combined in this assay to make it suitable for a rapid and 
cost-effective in situ analysis. 
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7.3 Materials and Methods 
7.3.1 Chemicals 
Aniline (C6H7N), anthranilic acid (C7H7NO2), perchloric acid (HClO4), 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 
(C8H17N3·HCl), N-hydroxysuccinimide (C4H5NO3), aflatoxin B1, aflatoxin 
G1, aflatoxin B1-bovine serum albumin conjugate, L-lysine hydrochloride 
(C6H14N2O2·HCl), bovine serum albumin, streptavidin-alkaline 
phosphatase enzyme conjugate, 1-naphthyl phosphate disodium salt 
(Na2C10H7O4P), methanol (CH4O), ethanol (C2H6O), tris(hydroxymethyl) 
aminomethane (C4H11NO3), di-sodium hydrogen phosphate (Na2HPO4), 
sodium di-hydrogen phosphate di-hydrate (NaH2PO4·2H2O), 
diethanolamine (C4H11NO2), sodium chloride (NaCl), potassium chloride 
(KCl), magnesium chloride hexahydrate (MgCl2·6H2O), potassium 
ferrocyanide (K4[Fe(CN)6]), potassium ferricyanide (K3[Fe(CN)6]) were 
purchased from Merck KGaA (Darmstadt, Germany). Maize flour was 
purchased in a local market. Milli-Q water was used for all preparations.  
The biotinylated DNA aptamer sequence (apt-BIO) used in this work 
was purchased from Eurofins Genomics GmbH (Ebersberg, Germany) 
and is reported as the following: 5’-(biotin)-TEG-GTT GGG CAC GTG 
TTG TCT CTC TGT GTC TCG TGC CCT TCG CTA GGC CCA CA-3’. 
The buffer solutions used in this work are the following: 
1. storage buffer: 10 mM TRIS buffer, 0.1 M KCl, pH 8.0; 
2. immobilization buffer: 0.1 M phosphate buffer, 0.1 M NaCl, pH 7.4; 
3. activation buffer: 0.1 M phosphate buffer, 0.1 M NaCl, pH 5.0; 
4. detection buffer: 0.1 M DEA buffer, 0.1 M KCl, 1 mM MgCl2, pH 9.6. 
 




Scanning electron microscopy (SEM) analysis was carried out using 
Gaia 3 microscope (Tescan a.s., Brno, Czech Republic). SEM images were 
acquired using the following parameters: acceleration voltage 5 kV, view 
field 89.2 m, magnification 3.10 kx. 
 
7.3.3 Aflatoxin B1 Standard Solutions 
Standard solutions of AFB1 (0.2, 1.0, 2.0, 10.0 and 20.0 ng/mL) were 
prepared daily by diluting a stock solution (0.25 mg/mL prepared in 
methanol) in immobilization buffer. The dilution ratio was chosen to make 
the solution contain the lowest percentage of methanol as possible.  
In fact, high percentages of the organic solvent constitute a drawback in 
the use of this kind of SPCs, as their insulating layer could be dissolved 
and interfere in the electrochemical analysis.   
 
7.3.4 Enzyme-linked Oligonucleotide Array Development 
The developed enzyme-linked oligonucleotide array is based on a 
competitive approach, as reported in Figure 7.1. GSPEs were modified by 
electrodeposition of P(ANI-co-AA) copolymer by means of CV.  
To immobilize the AFB1-BSA complex, the carboxylic groups onto the 
polymeric surface were activated through EDC/NHS chemistry, so that 
they could react with the amino groups of the BSA protein (Figure 7.1, a 
panel). The competition between immobilized AFB1 molecules onto the 
electrode surface and free AFB1 molecules into sample solutions for the 
binding with the biotinylated aptamer was then carried out.  
The biotinylated complexes formed onto the sensor surface were then 
labeled with a streptavidin-ALP enzyme conjugate, which catalyzes the 
hydrolysis of the 1-NPP enzymatic substrate into 1-NPOH.  
The enzymatic product was then detected by DPV (Figure 7.1, b panel). 







Figure 7.1. Scheme of the enzyme-linked oligonucleotide array for aflatoxin B1 detection. 
(a) GSPE surface modification: A) electrocopolymerization of aniline and anthranilic acid; 
B) activation of the carboxylic groups; C) AFB1-BSA conjugate immobilization;  
D) blocking of the unreacted activated carboxylic groups with L-lysine. (b) AFB1 detection: 
affinity reaction between AFB1 at different concentrations and biotinylated DNA aptamer 
sequence in solution; A) competition between free and immobilized AFB1 molecules;  
B) coupling with streptavidin-alkaline phosphatase enzyme conjugate; C) incubation with 
1-naphthyl phosphate enzymatic substrate and detection of 1-naphthol enzymatic product. 
 
7.3.4.1 Aflatoxin B1-BSA Immobilization 
The P(ANI-co-AA)/GSPEs (previously described in Subsection 4.1.2) 
were used as platform for the covalent immobilization of AFB1-BSA.  
An activation step was performed to increase the reactivity of the 
carboxylic groups of the AA component inside the copolymer. 8 L of a 
mixture of 0.2 M NHS and 0.4 M EDC in activation buffer were dropped 
onto the electrodes surface and let react for 30 min at 4 °C. After this time, 
the cells were washed for three times with 100 L immobilization buffer. 
The AFB1-BSA conjugate was dissolved in Milli-Q water at a concentration 
of 1 mg/mL as stock solution and then diluted at 2 μg/mL in 
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immobilization buffer. 15 L of this solution were deposited onto the 
modified surface of the working electrodes and chemisorption was 
allowed to proceed overnight ( 16 h). During this period, the sensors 
were stored in petri dishes to protect the solution from evaporation.  
To remove unbound AFB1-BSA molecules, the surface was washed for 
three times with 15 L of immobilization buffer. A blocking step was then 
performed by adding 8 L of 0.1 mg/mL L-lysine solution in 
immobilization buffer for 30 min, which was then washed again for three 
times with 15 L of immobilization buffer. Modified GSPEs were stored in 
dry conditions at 4 °C before use. 
 
7.3.4.2 Aflatoxin B1 Detection 
To obtain a dose-response calibration curve, AFB1 detection was 
performed by dropping AFB1 solutions containing a proper concentration 
of the biotinylated DNA aptamer (apt-BIO) onto the sensor surfaces and 
by allowing the competitive reaction to proceed.  
Specifically, the competition for the binding with the aptamer between 
AFB1-BSA, immobilized onto the electrode surface, and free aflatoxin, 
contained in the sample, was performed in two steps. In the first step, the 
affinity reaction between target mycotoxin in the concentration range 0.1–
10 ng/mL and 20 nM apt-BIO is allowed to proceed in microtubes for 
15 min; in the second step, 8 L of these mixtures were dropped onto the 
modified sensors for 30 min. The sensors were then rinsed for three times 
with 15 L of detection buffer. Control experiments were performed using 
AFG1 solutions, in order to test the selectivity of the developed biosensors. 
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7.3.4.3 Enzymatic Labeling and Electrochemical Measurements 
The biotinylated complexes formed on the sensor surface were further 
incubated with 15 L of a solution containing 1 U/mL of streptavidin-ALP 
enzyme conjugate and 8 mg/mL of BSA in detection buffer.  
Each sensor was washed two times with 50 L of detection buffer. 50 L 
of 1 mg/mL enzymatic substrate (1-NPP) in detection buffer were then 
dropped onto the disposable sensor surface. The electroactive enzymatic 
product, 1-NPOH, was detected after 20 min via DPV by scanning the 
potential from 0 V to +0.6 V at 4 mV/s (5 mV step potential, 70 mV pulse 
potential, 0.05 s pulse time, 0.15 s interval time) in accordance with a 
previously reported protocol [215].  
The current peak height was taken as the electrochemical signal.  
The signal is expressed in relative percent units as Sx/S0 (i.e. ratio between 
measured signal to blank signal) and plotted against AFB1 concentration. 
The obtained curve showed the typical sigmoidal shape of a competitive 
assay and was fitted with a dose-response sigmoidal equation (Equation 
(7.1): 
 
 𝑆𝑥/𝑆0 = 𝐴 + 
𝐵 − 𝐴
1 + 10[log 𝐶−𝑐(𝐴𝐹𝐵1)]
𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒 (7.1) 
 
where A and B are the Y values at the top and at the bottom plateau 
of the curve, respectively; C is related to the target concentration necessary 
to reduce the signal at the 50%; Hillslope is the slope of the linear part of 
the curve. 
 
7.3.4.4 Maize Flour Samples Analysis 
For the analysis of real samples, 25 g of maize flour were weighed and 
mixed with 50 mL of a 50% (%v/v) ethanol/water solution for 5 min with 
a high-speed blender. This mixture was centrifuged at 5000 rpm for 5 min; 
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the supernatant was then collected and evaporated to dryness under a 
nitrogen stream. The dried extracted sample was then suspended in 
immobilization buffer. To assess the matrix effect and the suitability of the 
extraction procedure, different batches of maize flour were spiked before 
or after the extraction procedure, so that the effect of the contamination 
was tested both on maize flour and on the extracted samples. The response 
was then determined by DPV measurements, under the same conditions 
used for AFB1 calibration curve. 
 
7.4 Results and Discussion 
7.4.1 Modification of GSPEs 
SEM analysis was exploited to investigate the morphology of ANI and 
AA copolymerization onto the GSPEs surface. Figure 7.2 (a panel) shows 
that the unmodified GSPE surface appears rougher than in the case of the 
obtained P(ANI-co-AA acid)-modified GSPE surface (Figure 7.2, b panel). 





Figure 7.2. SEM images of (a) unmodified GSPE and (b) poly(aniline-co-anthranilic acid) 
copolymer-modified GSPE. 
The P(ANI-co-AA)/GSPEs were then used for covalent 
immobilization of AFB1-BSA: in fact, in our case, the polymer is used for 
the multiple purposes of providing a higher electroactive area compared 
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to the bare electrode, of protecting the latter versus its fouling, and of 
working as a scaffold to anchor the AFB1-BSA conjugate by exploiting the 
binding between the carboxylic groups of the copolymer and the amine 
groups of the protein. EIS and CV measurements were performed to assess 
the modification of the GSPEs surface and the immobilization of AFB1-
BSA using [Fe(CN)6]−4/−3 as the redox probe.  
The Nyquist plots after each assembly step, under optimized 
conditions, are shown in Figure 7.3 (a panel); while the values of the 
charge transfer resistance (Rct) obtained by EIS are reported in Figure 7.3 
(b panel). As it can be seen from the first panel, the electrode conductivity 
increases after the electropolymerization of P(ANI-co-AA) onto the 
graphite surface, while the reproducibility growth shown in the second 
panel is due to the improved uniformity of the surface determined by the 
electrodeposition of the copolymer nanolayer. The immobilization of the 
AFB1-BSA was confirmed by EIS measurements observing an increase of 
Rct to a mean value of (151+10) kΩ, with respect to the P(ANI-co-AA) 
modified electrodes. CV measurements confirm the above results, as the 
current peak height increases after the electropolymerization of the 
copolymer onto the graphite surface, while it is decreasing after the 










Figure 7.3. Electrochemical characterization of bare and modified GSPEs in presence of 
5 mM [Fe(CN)6]−4/−3 redox probe (equimolar solution in 0.1 M KCl): • GSPE, • P(ANI-
co-AA)/GSPE, • AFB1-BSA/P(ANI-co-AA)/GSPE. (a) Nyquist plots; (b) average and 
standard deviation of Rct values. Each measurement was repeated at least five times using 
different sensors. (c) cyclic voltammograms (scan rate: 50 mV/s). 
For estimating the shelf life of the developed sensors, a batch of AFB1-
BSA-modified P(ANI-co-AA)/GSPEs was stored in dry conditions at 4 °C. 
The stability of the developed biosensors was tested by EIS analysis in 
regular time intervals up to one month. 30 biosensors were assayed over 
this period and the Rct value and the average %RSD were calculated.  
The results showed good reproducibility with a 10% coefficient of 
variation. This property of the modified sensors ensures reliable 
measurement for on-field application. 
 
7.4.2 Selected Oligonucleotide Sequence for Aflatoxin B1 
The 3-dimensional structure of the aptamer sequence is of paramount 
importance for capturing selectively the analyte. The various aptamer 
conformations are due to weak bonds, such as hydrogen bond 
interactions, van der Waals interactions and π-stacking interactions.  
To predict the secondary structure of the selected oligonucleotide 
sequence the algorithm MFold [213] was used. Oligonucleotide structures 
prediction was obtained by setting up the temperature to 20 °C, by 
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regulating the ionic strength according to the used immobilization buffer 
and by selecting untangle with loop fix as drawing mode; other 
parameters were left as default settings. From the theoretical 
conformations, the oligonucleotide sequence shows a prevalent single-
stranded structure at 20 °C in solution characterized by two different sized 
loops as shown in Figure 7.4. 
 
 
Figure 7.4. Secondary structure of apt-BIO sequence as predicted with MFold algorithm 
at 20 °C in 0.1 M phosphate buffer saline, pH 7.4 ([Na+] = 0.26 M). The bond between G 
and C is shown in red to indicate its stability. 
 
7.4.3 Aflatoxin B1 Competitive Assay 
AuNPs and PANI-modified SPEs were initially chosen for developing 
our assay in accordance with the optimized procedure reported 
previously [72]. 2 μg/mL AFB1-BSA conjugate were immobilized by 
chemisorption on the NPs through the interactions between the thiol 
groups of the protein aminoacids (e.g. cysteine) and gold.  
The sensors were incubated with 0.1, 0.2 and 0.5 ng/mL AFB1 solutions 
containing 20 nM apt-BIO and the response was determined through DPV 
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by following the labeling procedure already described. The signal 
variation with respect to the blank ((Sx−S0)/S0) in percent units is reported 
in Table 7.1 for each AFB1 concentration. The obtained results did not 
follow the expectations, as they showed a different trend from that of a 
competitive assay with a high standard deviation. 
 
Table 7.1. Signal variation with respect to the blank ((Sx−S0)/S0) in percent units obtained 
with different concentrations of aflatoxin B1 onto the platform made of polyaniline and 
gold nanoparticles (AuNPs/PANI/GSPE). Each measurement was repeated at least five 
times using different sensors. 
AFB1 (ng/mL) (Sx−S0)/S0 (%) %RSD 
0.1 +30.4 14.4 
0.2 −7.4 31.3 
0.5 +1.2 14.2 
 
This is due to the fact that chemisorption of the protein complex did 
not happen in an ordered and oriented way, eventually because of a low 
accessibility of the protein thiol groups. Thus, another path was followed, 
that is the doping PANI with PAA.  
To find the best conditions for the competitive assay, key 
experimental parameters such as the AFB1-BSA and apt-BIO 
concentrations and the target incubation time were studied. 
In order to optimize the AFB1-BSA immobilization, P(ANI-co-AA) 
sensors were incubated overnight with different AFB1-BSA solutions (15.0, 
5.0, 2.0, 0.002 μg/mL). The assay was then carried out for each AFB1-BSA 
concentration by incubating the biosensors with a solution containing 
3 ng/mL AFB1 and 20 nM apt-BIO (S3). These signals were put into 
comparison with those obtained from the blanks (S0), which contain the 
aptamer only. The signal decrease (S3/S0) in percent units is reported in 
Table 7.2. The best data in terms of highest signal decrease and 
reproducibility were achieved when a concentration of 2 μg/mL of the 
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AFB1-BSA conjugate was used; thus, this concentration was chosen for the 
following experiments. 
 
Table 7.2. Aflatoxin B1-BSA concentration optimization. The peak current ratio between 
3 ng/mL AFB1 and the blank (S3/S0) is reported in percent units. Each measurement was 
repeated at least five times using different sensors. 
AFB1-BSA (μg/mL) S3/S0 (%) %RSD 
15.0 88 10 
5.0 93 7 
2.0 68 8 
0.002 95 12 
 
Experiments for the optimization of the apt-BIO concentration were 
performed by incubating the biosensors with 0 ng/mL (S0) and 3 ng/mL 
AFB1 (S3) solutions containing different apt-BIO concentrations. The signal 
variation (S3−S0)/S0 in percent units is reported in Figure 7.5. 
 
Figure 7.5. Aptamer concentration optimization. The signal is reported as (S3−S0)/S0 
percent units, that is the signal variation obtained with 3 ng/mL aflatoxin B1 with respect 
to the blank. Each measurement was repeated at least five times using different sensors. 
As the assay follows a competitive format, the addition of AFB1 
should cause a decrease of the current peak height in presence of the 
analyte with respect to the blank. However, by varying apt-BIO 
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concentration, this behavior was not always observed; the signal in 
presence of the target is increasing with respect to the blank with 500 nM 
and 250 nM of the biotinylated aptamer. This is probably due to the fact 
that higher concentrations of the aptamer could increase its non-specific 
adsorption in presence of the target molecules, and thus the current 
increases. With lower concentrations, this did not happen and the highest 
signal decrease with respect to the blank was obtained for 20 nM, thus this 
value was used for the following experiments.  
Experiments for the optimization of apt-BIO incubation time were 
also performed by incubating the SPCs with 3 ng/mL target solution and 
20 nM apt-BIO. The incubation times during which the apt-BIO was put 
into contact both with AFB1 and with AFB1-BSA were varied, since the use 
of different incubation times allows tuning the equilibrium of the binding 
between the aptamer and its target. The best performance of the assay in 
terms of highest signal decrease and reproducibility was observed when 
15 min for affinity reaction between apt-BIO and AFB1 in the microtubes 
and 30 min for the competition reaction onto the sensing surface were 
used (Table 7.3). 
 
Table 7.3. Assay time optimization. The peak current ratio between 3 ng/mL AFB1 and 
the blank (S3/S0) is reported in percent units. Each measurement was repeated at least five 
times using different sensors. 
AFB1-BSA (μg/mL) Competition time (min) S3/S0 (%) %RSD 
45 30 83 14 
30 30 94 9 
15 30 79 4 
15 20 84 12 
15 10 93 6 
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7.4.4 Aflatoxin B1 Detection in Standard Solutions 
Under the optimized experimental conditions, a calibration curve in 
AFB1 buffered solutions was obtained by an indirect competitive format. 
Various solutions at different AFB1 concentrations, containing a fixed 
amount (20 nM) of apt-BIO, were thus analyzed by DPV; the aptasensor 
response in buffered solutions only (c(AFB1) = 0 ng/mL, [Apt-BIO] = 0 nM) 
was also tested (Figure 7.6,  a panel). A decrease of the current peak height 
was recorded by increasing AFB1 concentration in the range 0.1–10 ng/mL.  
The signal is reported as Sx/S0 percent units, that is the percentage of the 
signal decrease with respect to the blank value (Figure 7.6, b panel). The 
obtained calibration curve shows a correlation coefficient R2 = 0.98.  
The LOD of the assay was calculated by the evaluation of the average 
response of the blank minus three times the standard deviation and a 





Figure 7.6. Aflatoxin B1 detection. (a) Differential pulse voltammograms obtained with 
different AFB1 concentrations. The dotted scan corresponds to the signal registered in 
buffer solution containing 0 ng/mL AFB1 and 0 nM apt-BIO; (b) calibration curve for 
AFB1. Each measurement was repeated at least five times using different sensors.  
The described oligonucleotide assay was confirmed as a promising 
analytical tool for AFB1 detection, since the tested concentrations gave an 
average 5% RSD value for five repetitions of each standard solution.  
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The assay selectivity was assessed in presence of AFG1. When AFG1 
at different concentrations (1 ng/mL and 5 ng/mL) was added, a decrease 
lower than 7% with respect to the blank value was observed. 
 
7.4.5 Aflatoxin B1 Detection in Maize Flour Samples 
In order to evaluate the operability of the assay, some preliminary 
experiments on maize samples were carried out. With this aim, two 
different batches of maize flour were contaminated by spiking with AFB1 
standard solutions before and after the pretreatment of samples.  
The biosensor response was then determined by DPV measurements, in 
the same conditions used for the AFB1 calibration curve. The signal was 
found to decrease with respect to the sample solution by increasing the 
AFB1 spiked concentration in the analyzed samples (Table 7.4). 
An acceptable bias was found for spiked maize flour samples 
confirming the possibility to use the biosensor in real samples. 
 
Table 7.4. Recovery values obtained from the analysis of aflatoxin B1-spiked maize flour 












1.0 0.80 80 7 
5.0 4.40 88 5 
Maize flour 
1.0 0.96 96 10 
5.0 4.20 84 8 
 
  




In this work, we propose an electrochemical enzyme-linked 
oligonucleotide sensor, based on a competitive format, for the 
determination of AFB1 in maize samples. The disposable screen-printed 
arrays make it simple and cost-effective, since it involves low amounts of 
reagents and mass-produced electrochemical cells. AFB1 in solution 
competes with the AFB1-BSA immobilized onto the electrode surface to 
bind the aptamer, which was labeled with ALP to generate signal for 
sensing. A dose-response curve was obtained between 0.1 ng/mL and 
10 ng/mL and a LOD of 0.086 ng/mL was achieved. Preliminary 
experiments with maize samples were performed.  
From the obtained results, the developed analytical tool has proven itself 
to be applicable for screening on-field analysis. 





8. Mycotoxins Aptasensing: from Molecular 
Docking to Electrochemical Detection of 
Deoxynivalenol 
Bioelectrochemistry, 2021, 138, 107691 — DOI:  10.1016/j.bioelechem.2020.107691 
 
8.1 Abstract 
This work proposes a voltammetric aptasensor to detect 
deoxynivalenol (DON) mycotoxin. The development steps of the 
aptasensor were partnered for the first time to a computational study to 
gain insights onto the molecular mechanisms involved into the interaction 
between a thiol-tethered DNA aptamer (80mer-SH) and DON.  
The exploited docking study allowed to find the binding region of the 
oligonucleotide sequence and to determine DON preferred orientation.  
A biotinylated oligonucleotide sequence (20mer-BIO) complementary to 
the aptamer was chosen to carry out a competitive format.  
Graphite screen-printed electrodes (GSPEs) were electrochemically 
modified with polyaniline and gold nanoparticles (AuNPs/PANI) by 
means of cyclic voltammetry (CV) and worked as a scaffold for the 
immobilization of the DNA aptamer. Solutions containing increasing 
concentrations of DON and a fixed amount of 20mer-BIO were dropped 
onto the aptasensor surface: the resulting hybrids were labeled with an 
alkaline phosphatase (ALP) conjugate to hydrolyze 1-naphthyl phosphate 
(1-NPP) substrate into 1-naphthol (1-NPOH) product, which was detected 
by differential pulse voltammetry (DPV). According to its competitive 
format, the aptasensor response was signal-off in the range 5–30 ng/mL 
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DON. A LOD of 3.2 ng/mL was achieved within a 1-hour detection time. 
Preliminary experiments on maize flour samples spiked with DON 
yielded good recovery values. 
Keywords: aptasensor; deoxynivalenol; molecular docking; screen-
printed electrodes; mycotoxin. 
  




8.2.1 State of the Art 
Mycotoxins detection by means of biosensors is mostly relying on the 
high affinity interactions between antigen and specific antibodies.  
A DON-antibody had been widely used as the biorecognition element in 
detecting DON mycotoxin in the past decades [236], so that most 
approaches to analyze DON are still limited to immunosensors and 
immunoassays exploiting optical and electrochemical transduction 
techniques [237–240]. 
Among various biosensors for DON detection, electrochemical 
biosensors play a prominent role due to their sensitivity, selectivity, low 
cost, simplicity and, in some cases, portability [226]. A peptide-based 
immunosensor for green detection of DON was proposed by Yan et al. 
[241]. A selected DON mimotope (i.e. phage-displayed peptide) worked 
as a mimetic competing antigen for the binding with an anti-DON 
antibody, which was immobilized onto a 3-mercaptopropionic acid-
modified gold electrode through EDC/NHS chemistry. The competition 
was traced by adding a horseradish peroxidase (HRP)-conjugated anti-
phage antibody and the detection was carried out by means of SWV in 
presence of pyrocatechol and H2O2, resulting in a dynamic range of 0.1–
10000 pg/mL and a LOD of 0.07 pg/mL. Another electrochemical approach 
was presented by Sunday et al [242]. A AuNPs-dotted 4-nitrophenylazo 
functionalized graphene (AuNP/G/PhNO2) composite was used to 
develop a sensor platform by applying Nafion 117 as a binder and 
incorporating [Ru(bipyridine)3]+2 as a cationic reactant on a glassy carbon 
electrode. The modified electrode was then electrochemically reduced to 
generate aminophenyl surface, which was activated through EDC/NHS 
chemistry for the immobilization of the anti-DON antibody. The 
formation of the immunocomplexes after the interaction with DON 
molecules inhibited the electron flow and increased the charge transfer 
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resistance, resulting in a linear correlation towards DON concentration in 
the range 6–30 ng/mL with a LOD of 0.3 ng/mL. An electrochemical 
enzyme-linked immunomagnetic assay was developed by Romanazzo 
et al. based on the use of magnetic beads modified with a DON conjugate, 
which competes with free DON molecules in solution for the binding with 
a biotinylated recombinant Fab fragment [243]. The binding is traced by 
adding an avidin-biotin-HRP complex. The measurement is carried out 
onto magnetized graphite screen-printed working electrodes of an 8-cells 
array by adding the enzymatic substrate and measuring 
chronoamperometrically the enzymatic product. Using DON standard 
solutions, a working range between 100 ng/mL and 4500 ng/mL was 
obtained with an EC50 (i.e. the amount of DON needed to produce a 50% 
decrease in the signal) of 380 ng/mL and a LOD of 63 ng/mL. A similar 
approach was presented by Valera’s group with an electrochemical 
immunosensor to detect DON residues in wheat samples [244]. The sensor 
relies on the competitive reaction between the mycotoxin and the antigen 
(DON-BSA) immobilized onto magnetic microparticles for the binding 
with an anti-DON antibody labeled with CdS nanoparticles (CdSNPs-
AbDON). The CdSNPs were then dissolved in acidic medium and the 
released Cd(II) ions were detected by means of SWV. The LOD obtained 
in this case was as low as 0.348 ng/mL in buffered solution and of 
342.4 ng/g in real samples. 
Over the last years, aptamer-based biosensors (i.e. aptasensors) had 
exerted a strong interest in the sensing field and they have thus become a 
hot topic for researchers, as aptamers advantages over antibodies include 
high chemical and thermal stability, low-cost in vitro synthesis [21] and 
broad opportunities for modification and immobilization of various 
supports [22,245,246]. Consequently, various aptasensors have been 
developed for the analysis of a wide range of mycotoxins in the recent 
years [220,247,248]. To the best of our knowledge, only one 
electrochemical aptasensor for DON detection is reported in literature by 
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Ong group [249]. The study develops a biosensing system based on the 
use of iron nanoflorets graphene nickel foam as the transducer and an 
aptamer as the recognition element. The LOD attained with this approach 
is 2.11 pg/mL. Despite the low LOD value, the method exploits a long 
procedure of cleaning and biomodification of the nickel sponge, without 
mentioning the numerous washing steps between each 
immobilization/interaction step.  
 
8.2.2 Target Analyte 
DON, to be referred also as vomitoxin, is one of the best-known 
trichothecenes produced from Fusarium graminearum and Fusarium 
culmorum [250], which has been detected at high concentrations in cereals 
[251]. Trichothecenes are strong inhibitors of protein synthesis: in fact, 
exposure to DON causes the decrease of tryptophan uptake and, in turn, 
its synthesis of serotonin. DON assumption symptoms include loss of 
appetite, vomiting and weight loss, which are believed to be a 
consequence of reduced levels of this neurotransmitter [252,253].  
The anorexic effects caused by DON manifests in animals as well as in 
humans; thus, vomitoxin contamination of food has a negative impact 
both for cattle breeders as well as for grain producers. Consequently, the 
detection of DON is of particular importance when considering its impact 
from both a health and an economic point of view [254]. 
 
8.2.3 Strategy 
In this work, we present an electrochemical aptasensor for fast and 
sensitive DON screening analysis based on a competitive approach, which 
was developed on a disposable and cost-effective nanostructured sensing 
platform and coupled with a portable apparatus. Regarding the detection 
technique, the novelty of the realized biosensor compared to those 
reported in literature was primarily the use of a DNA sequence as the 
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receptor in a voltammetric enzyme-linked assay, which allowed a fast, 
sensitive and inexpensive detection. Moreover, the development of the 
aptasensor was coupled for the first time to a computational study.  
The purpose of this research was in fact multiple: to gain insights on the 
competition mechanism exploited, to assess the suitability of the chosen 
format, and to apply a widely studied electrochemical platform 
[72,143,152,164] for the detection of new analytes. SPEs are applied as a 
platform for aptasensors development due to their advantages, such as 
rapid, simple and inexpensive manufacturing process, which lead to the 
possibility of a single usage to avoid contamination among different 
samples [72].  
The aptamer was selected from a library of aptamers, designed by 
SELEX, as the one that showed to have the best ability to recognize DON 
[255]. In order to optimize the competitive format, the molecular 
interaction between the thiolated DNA aptamer and DON was firstly 
investigated by means of a docking study, which allows to verify the 
oligonucleotide sequence-binding region and to determine DON 
preferred orientation. A biotinylated oligonucleotide sequence (20mer-
BIO), complementary to the aptamer region binding with DON, was then 
chosen to carry out the competitive format. The thiol-tethered DNA 
aptamer (80mer-SH) was immobilized by chemisorption onto graphite 
nanostructured electrode surface composed of AuNPs electrodeposited 
onto an electropolymerized PANI layer by means of CV. Solutions 
containing different concentrations of DON and a fixed amount of 20mer-
BIO were placed onto the realized aptasensors to let the competition 
between DON molecules and the complementary oligonucleotide for the 
binding with the DNA aptamer to take place. The hybridization reaction 
was traced by a streptavidin-ALP conjugate, which catalyzes the 
hydrolysis of 1-NPP enzymatic substrate. The enzymatic product 1-NPOH 
was finally detected by DPV. The developed aptasensor showed a signal-
off behavior, according to the competitive format used. The experimental 
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parameters involved in each step of the aptasensor design were studied 
and optimized. To test the aptasensor applicability, preliminary 
experiments in maize flour samples spiked with DON were finally 
performed. The easiness and rapidity of modification of SPEs, together 
with the stability of the DNA sequences used, allowed the preventive 
preparation and storage of multiple sensing platforms, which could then 
be transported and used as needed without a significant loss in their 
activity [22]. Moreover, the use of a Bluetooth®-controlled portable 
potentiostat in the electrochemical detection made the developed 
aptasensor a possible powerful tool for screening analysis. 
 
8.3 Materials and Methods 
8.3.1 Chemicals 
Aniline (C6H7N), perchloric acid (HClO4), tetrachloroauric acid 
(HAuCl4), sulfuric acid (H2SO4), 6-mercapto-1-hexanol (C6H14OS), 
deoxynivalenol, aflatoxin B1, aflatoxin G1, bovine serum albumin, 
streptavidin-alkaline phosphatase enzyme conjugate, 1-naphthyl 
phosphate disodium salt (Na2C10H7O4P), methanol (CH4O), ethanol 
(C2H6O), potassium ferrocyanide (K4[Fe(CN)6]), potassium ferricyanide 
(K3[Fe(CN)6]), tris(hydroxymethyl) aminomethane (C4H11NO3), di-sodium 
hydrogen phosphate (Na2HPO4), sodium di-hydrogen phosphate di-
hydrate (NaH2PO4·2H2O), diethanolamine (C4H11NO2), sodium chloride 
(NaCl), potassium chloride (KCl), magnesium chloride hexahydrate 
(MgCl2·6H2O) were purchased from Merck KGaA (Darmstadt, Germany). 
Maize flour was purchased in a local market. Milli-Q water was used for 
all preparations.  
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The DNA sequences used in this work were purchased from Eurofins 
Genomics GmbH (Ebersberg, Germany) and are listed as the following:  
▪ 5’-(SH)-(CH2)6-GCA TCA CTA CAG TCA TTA CGC ATC GTA GGG 
GGG ATC GTT AAG GAA GTG CCC GGA GGC GGT ATC GTG 
TGA AGT GCT GTC CC-3’, as the thiolated DNA aptamer (80mer-
SH); 
▪ 5’-(biotin)-TEG-GGC ACT TCC TTA ACG ATC CC-3’, as the 
biotinylated complementary oligonucleotide (20mer-BIO). 
The buffer solutions used in this work are the following: 
1. storage buffer: 10 mM TRIS buffer, 0.1 M KCl, pH 8.0; 
2. immobilization buffer: 0.1 M phosphate buffer, 0.1 M NaCl, pH 7.0; 
3. affinity buffer: 0.1 M phosphate buffer, 0.1 M NaCl, pH 7.4; 
4. detection buffer: 0.1 M DEA buffer, 0.1 M KCl, 1.0 mM MgCl2, pH 9.6. 
 
8.3.2 Aptamer-DON Interaction by Molecular Modeling Study 
The MFold algorithm [256] was used to predict the DNA aptamer 
secondary structures, while DINAMelt Web Server [257] was used for the 
prediction of the Gibbs free energy of interaction between 80mer-SH and 
20mer-BIO sequences. Oligonucleotide structures prediction was obtained 
by setting up the temperature at 25 °C and regulating at the concentration 
of the sodium ions at 0.26 M, according to the affinity buffer used 
([Na2HPO4 + NaH2PO4] = 0.1 M, [NaCl] = 0.1 M, pH 7.4). Untangle with 
loop fix as drawing mode was selected, while other parameters were left 
as default settings. Starting from the aptamer sequence in FASTA format 
[258], a molecular docking approach using AutoDock4 program [259] was 
then applied, in order to define and visualize the interaction mechanism. 
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8.3.3 Aptasensor Development 
The scheme of the realized aptasensor for DON determination based 
on a competitive approach is shown in Figure 8.1. The graphite screen-
printed working electrode was progressively modified by ANI 
electropolymerization and by AuNPs electrodeposition. The 80mer-SH 
was then immobilized by chemisorption onto AuNPs. The immobilization 
step was followed by a mixed SAM formation by incubation with MCH. 
Solutions containing different concentrations of DON and a fixed amount 
of 20mer-BIO were analyzed. The biotinylated hybrids formed onto the 
aptasensor surface were labeled with a streptavidin-ALP conjugate. The 
enzyme catalyzes the hydrolysis of 1-NPP enzymatic substrate to 1-NPOH 
electroactive product, which was finally detected by DPV.  
 
 
Figure 8.1. Scheme of the developed aptasensor for deoxynivalenol detection.  
A) Thiolated DNA aptamer immobilization onto gold nanoparticles/polyaniline-modified 
working GSPE; B) blocking step with the addition of 6-mercapto-1-hexanol;  
C) competitive reaction between DON molecules and the biotinylated complementary 
oligonucleotide; D) enzymatic labeling with streptavidin-alkaline phosphatase conjugate; 
E) incubation with 1-naphthyl phosphate enzymatic substrate and detection of 1-naphthol 
enzymatic product. 
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8.3.3.1 Aptamer Immobilization 
The modification of the surface with AuNPs provided the basis for 
the immobilization of the thiolated aptamer. 10 µL of 80mer-SH solution 
(2 µM in immobilization buffer) were dropped onto the working electrode 
surface. Chemisorption was allowed to proceed overnight (≈ 16 h).  
In the course of this period, the DNA-modified electrodes were kept in 
petri dishes as protection from any external factors, including the 
evaporation of the solution. The electrode surface was then washed with 
the immobilization buffer to remove any unbound aptamer sequence.  
The immobilization step was followed by a mixed SAM formation by 
incubation with 1 mM MCH solution for 60 min. The aptasensors were 
stored under dry conditions at 4 °C before use. 
 
8.3.3.2 Deoxynivalenol Detection 
In this study, DON determination was provided by following a 
competitive format. DON is indirectly detected by electrochemically 
tracing the hybridization reaction between the immobilized 80mer-SH and 
the complementary 20mer-BIO. To achieve a dose-response calibration 
curve in this perspective, solutions containing a variable concentration of 
DON and a fixed amount of 20mer-BIO in affinity buffer were put together 
onto the aptasensor surface in order to achieve the competition for the 
limited number of binding sites constituted by the immobilized aptamer 
molecules. Specifically, DON standard solutions were prepared daily by 
diluting a stock solution (0.5 mg/mL prepared in methanol) in affinity 
buffer. The diluted solutions contain the lowest percentage as possible of 
methanol to avoid a deterioration of the insulating film of SPEs.  
The competition was performed between DON in the concentration range 
between 0 ng/mL and 50 ng/mL and 1 nM 20mer-BIO for 30 min at room 
temperature. The aptasensors were then rinsed for three times with 50 μL 
of detection buffer. 
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8.3.3.3 Enzymatic Labeling and Electrochemical Measurements 
The hybrids formed onto the aptasensor surface were marked with an 
enzymatic conjugate bearing a streptavidin moiety that binds with the 
biotin present on the complementary sequence. Therefore, each sensor 
was additionally incubated with 10 µL of a solution containing 1 U/mL of 
streptavidin-ALP enzyme conjugate and 8 mg/mL of BSA in detection 
buffer. After 20 min, all the sensors were washed three times with 50 µL 
detection buffer. The enzyme-labeled sensor surface was made to react 
with 50 μL of 1 mg/mL enzymatic substrate (1-NPP) in detection buffer for 
20 min. The electroactive enzymatic product 1-NPOH was then detected 
via DPV by scanning the potential from 0 V to +0.6 V at 4 mV/s (5 mV step 
potential, 70 mV pulse potential, 0.05 s pulse time, 0.15 s interval time). 
The current peak height was taken as the electrochemical signal.  
The signal is expressed in relative percent units as Sx/S0 (i.e. ratio between 
measured signal to blank signal) and plotted against DON concentration. 
The obtained curve showed the typical sigmoidal shape of a competitive 
assay and was fitted with a dose-response sigmoidal equation (Equation 
(8.1): 
 
 𝑆𝑥/𝑆0 = 𝐴1 +  
𝐴2 − 𝐴1
1 +  10(𝑙𝑜𝑔 𝑋0  −𝑐(𝐷𝑂𝑁))∗𝑝
 (8.1) 
 
where A1 and A2 are the Y values at the bottom and at the top plateau 
of the curve, respectively; logX0 is related to the target concentration 
necessary to reduce the signal at the 50%; p is the slope of the linear part 
of the curve. 
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8.3.3.4 Aptasensor Selectivity 
The selectivity of the developed aptasensor was also studied. 
Solutions containing 25 ng/mL of AFB1 or AFG1 and a 1 nM fixed amount 
of 20mer-BIO were prepared and tested with the modified SPEs. 
In addition, a solution containing 0 ng/mL of the mycotoxins and 1 nM of 
the biotinylated oligonucleotide sequence was tested as blank solution.  
 
8.3.4 Maize Flour Samples Analysis 
For the analysis of real samples, 25 g of maize flour were weighed and 
mixed with 50 mL of 50% (% v/v) ethanol/water solution for 5 min with a 
high-speed blender. This mix was centrifuged at 5000 rpm for 5 min; the 
supernatant was collected and then evaporated to dryness under a 
nitrogen flow. The dried extracted sample was then suspended in affinity 
buffer. The response was then determined by DPV measurements, under 
the same conditions used for DON calibration curve. 
 
8.4 Results and Discussion 
8.4.1 Aptamer-DON Binding Complex Study 
8.4.1.1 Building 3D Structures for 80mer-SH 
In aptasensors development, the selective capture of the analyte could 
be achieved by considering the role played by the 3-dimensional structure 
of the aptamer. Several types of interactions, including hydrogen bond 
interactions, van der Waals interactions and π-stacking interactions are 
giving rise to different conformations, which are of paramount importance 
in the binding with its target molecule. 
In this work, MFold algorithm was used to determine primary and 
secondary folding forms of the aptamer; then, the molecular interaction 
between 80mer-SH and DON was investigated by molecular docking 
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study to verify the oligonucleotide sequence-binding region and to 
determine DON preferred orientation in the binding event. Using MFold 
algorithm, four structures, which present a folding energy value ranging 
from −2.67 kcal/mol to −1.98 kcal/mol, were obtained and are shown in 
Figure S - 8.1. In particular, structure A is characterized by the lowest 
folding energy (−2.67 kcal/mol), whereas structure D has the highest one 
(−1.98 kcal/mol); the structures indicated with B and C have intermediate 
folding energy values of −2.46 kcal/mol and −2.16 kcal/mol, respectively. 
Henceforth, these four structures will be reported in this ascending order 
of folding energy, from the more stable to the less one. 
Since the folding energy differences are small (within 1 kcal/mol), it is 
not possible to select the most stable structure(s) to use for a 3D 
representation and for the following simulations: thus, all these four 2D 
structures were converted in 3D structures and used in the docking 
simulations by AutoDock4 program.  
 
8.4.1.2 Molecular Docking Simulations 
Docking simulations were carried out to study the interaction 
between DON and the four different 3D structures (A, B, C, D) obtained 
for 80mer-SH. These simulations allowed finding out the most probable 
binding regions of DON with the four aptamer structures mentioned 
above, also considering DON orientation. Moreover, the docking 
simulations allowed verifying whether the aforementioned binding 
regions were included in the aptamer sequence part which bound to the 
biotinylated complementary DNA oligonucleotide (20mer-BIO) chosen 
for the competitive assay. The aptamer structures were held rigid in the 
simulations, while the mycotoxin was fully flexible. Grid maps, one for 
each atom type present inside DON molecule, were calculated for several 
boxes to explore the whole aptamer structure.  
A model of two input files used for docking analysis is reported in 
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Supplementary Material (Section 8.6). 
The interaction between 80mer-SH and DON was studied on the 
whole oligonucleotide sequence, thus allowing to obtain the distribution 
of all docking conformations reported in Figure 8.2. Each panel shows one 
of the simulated aptamer structures (except for panel D, in which two 
different orientations are shown, as this 3D structure is more complex than 
the others) represented with a dark blue line, the complementary 
oligonucleotide represented with a white surface and all the interaction 
sites between DON and the aptamer represented with a sphere.  
The spheres indicate the center (i.e. the average of the coordinates) of the 
mycotoxin and are displayed in a color scale representing the different 
values of the binding energy (from −6.0 kcal/mol to −0.9 kcal/mol) between 
DON and 80mer-SH. The blue spheres represent the positions of DON 
molecules in which the binding energy with the aptamer has the lowest 
value (around −6.0 kcal/mol). The histograms representing the 
distribution of the binding energy for the four aptamer structures are 
reported in Figure S - 8.2 with the average value. The mean energy value 
of the aptamer structures is around −3.0 kcal/mol. 
  
















Figure 8.2. Distribution of all the interaction sites between DON and the aptamer 
sequence for each aptamer structure (A, B, C, D). Each sphere corresponds to one DON 
docked orientation. 
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For aptamer structures A, B and D, the strongest binding (binding 
energy values below −5.0 kcal/mol) is obtained when the position of the 
mycotoxin falls in the sequence part which binds to 20mer-BIO; 
conversely, for aptamer structure C the sequence part binding to 20mer-
BIO interacts with DON less strongly, although all the correspondent 
energy values are around −4.0 kcal/mol.  
Starting from these results, the complexes between DON and 80mer-
SH with an associated binding energy lower than −4.8 kcal/mol were 
extracted for each structure and depicted in Figure S - 8.3.  After the 
analysis of all the DON-aptamer complexes obtained for each structure (A, 
B, C and D), the nature of the interactions between the mycotoxin and the 
aptamer was analyzed for the DON-aptamer complex obtained for 
structure B, as it shows the highest stability with a binding energy value 
of −5.78 kcal/mol (Figure 8.3).  
 
 
Figure 8.3. Binding site of the aptamer (structure B) with DON. The complex with the 
lowest energy is shown. DON molecule is shown in solid surface representation, the 
interacting aptamer atoms are represented in wireframe: • carbon, • oxygen, • hydrogen, 
• nitrogen, • phosphorus. The dotted line represents the hydrogen bond. The interacting 
nucleosides are labeled. 
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Hydrophobic interactions make the major contribution to the stability 
of DON-aptamer adduct, followed by electrostatic interactions. In this 
complex structure, H-bonds contribute to further stabilize the interaction; 
no π-stacking interactions are found, in agreement with DON structure. 
On the basis of the folding energy values, more than one 3D structure 
could be possible for the aptamer in solution. Apart from this, the results 
obtained from docking study are very interesting and promising, as in 
most of the cases the DON-aptamer complexes with the lowest binding 
energy values show that the binding sites between the mycotoxin and 
80mer-SH can be found in the sequence part which binds with the 
biotinylated complementary DNA oligonucleotide (20mer-BIO) selected 
for the competitive assay. In fact, the chosen aptamer is composed of two 
fixed end regions and a stochastic region of 35 bases. The two fixed end 
regions (5’-GCA TCA CTA CAG TCA TTA CGC ATC G and ATC GTG 
TGA AGT GCT GTC CC-3’) are predefined and required to bind primers 
for the amplification step during the SELEX procedure; the 35-bases 
stochastic region (TA GGG GGG ATC GTT AAG GAA GTG CCC GGA 
GGC GGT) is responsible for the binding with the target [255]. Therefore, 
the results obtained from the docking study are not surprising but confirm 
that DON binds to the stochastic region. Nevertheless, this strategy could 
undoubtedly be considered as an useful tool to improve the aptasensor 
analytical performances, if the molecular docking study will be used to 
select an oligonucleotide with the proper length and sequence, rather than 
to verify the compatibility of an already chosen one. 
 
8.4.2 Deoxynivalenol Competitive Assay 
In order to perform DON analysis accurately with the developed 
aptasensor, method optimization studies were performed. As first point, 
the aptamer immobilization was investigated; the sensors were incubated 
with solutions at different concentrations of 80mer-SH.  
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Chemisorption was allowed to proceed overnight (≈ 16 h).  
The immobilization step was followed by a mixed SAM formation by 
incubation with 1 mM MCH solution for 60 min. The sensors were then 
hybridized with 1 nM 20mer-BIO in absence of the target mycotoxin.  
As a result, 2 µM in immobilization buffer was found to be the appropriate  
aptamer concentration, as above this concentration the current peak height 
rapidly approached a plateau, even increasing the amount of 80mer-SH 
immobilized on the surface (Figure 8.4, a panel). The selected 
concentration resulted to be a good compromise, as it gave the highest 
oxidation current without reaching the saturation of the electrode surface.  
To appraise the influence of 20mer-BIO concentration, the 
hybridization reaction with solutions at different concentrations of 20mer-
BIO was performed. After 20 min of incubation, the current peak height 
increased linearly with the oligonucleotide concentration up to around 
7 nM, where a plateau was almost reached, as shown in Figure S - 8.4. 
However, for the competitive analysis, the oligonucleotide concentration 
was studied again in presence of DON and, as a result, the optimal DON 
binding performance was obtained with 1 nM concentration of the biotin-
tagged oligonucleotide. Moreover, the chosen concentration value is lower 
than that corresponding to the beginning of the plateau (Figure 8.4, b 
panel), since working in saturation conditions, in this case, could have 
hampered somehow the competition reaction, as the complex between 
80mer-SH and 20mer-BIO (ΔG = −28 kcal/mol) is more stable than the 
aptamer-mycotoxin complex (−5.8 kcal/mol < ΔG < −5.0 kcal/mol for the 
most stable complexes, as reported in Figure 8.2).  







Figure 8.4. Oligonucleotide sequences concentration optimization. (a) Hybridization 
curve between the immobilized aptamer (0–15 μM) and the biotinylated oligonucleotide 
(1 nM); (b) hybridization curve between 80mer-SH (2 μM) and 20mer-BIO (0–10 nM) 
in presence of deoxynivalenol. Each measurement was repeated at least five times using 
different sensors. 
Incubation time optimization study was conducted by adding 
solutions containing a specific DON concentration to the aptasensor 
surface immediately after the preparation. In fact, it has been noticed that 
the expected competition between 20mer-BIO and DON molecules for the 
binding with 80mer-SH could not be achieved if these elements were 
previously incubated in solution before being dropped onto the electrode 
surface. On the other hand, a competitive analysis was successfully 
achieved when performed directly on the aptasensor surface.  
Therefore, freshly prepared solutions with a DON concentration of 
20 ng/mL and containing 1 nM 20mer-BIO were kept on the aptamer-
modified nanostructured electrode surface for 15, 30 and 45 min.  
The obtained signals (S20) were put into comparison with those obtained 
from the blanks (S0), which contain 20mer-BIO only and which were 
incubated for the same periods of time. The best performance of the assay 
taking into consideration the highest signal decrease with respect to the 
blank and the related reproducibility was obtained when a competitive 
reaction time of 30 min was used (Figure S - 8.5). 




8.4.3 Deoxynivalenol Detection in Standard Solutions 
Under optimized experimental conditions, a calibration curve for 
DON was performed by competitive assay. Solutions containing 1 nM 
20mer-BIO and increasing DON concentrations, were put on the surface 
of the aptasensors to provide competitive hybridization and analyzed by 
DPV; the aptasensor response in presence of 0 ng/mL DON and 0 nM 
20mer-BIO was also evaluated (Figure 8.5, a panel). The obtained signal 
was reported as Sx/S0 percent units, that is the percentage of the signal 
decrease with respect to the blank value. A decrease of the signal was 
observed by increasing DON concentration, thus a calibration curve with 
a correlation coefficient of R2 = 0.92 was obtained in buffered solutions in 
the range 0–50 ng/mL of mycotoxin (Figure 8.5, b panel). The LOD of the 
assay was evaluated by taking into account the average response of the 
blank minus three times its standard deviation and, in this way, a value of 
3.2 ng/mL was achieved. Thus, the developed aptasensor proved itself to 
be applicable in DON analysis, as all the tested mycotoxin concentrations 





Figure 8.5. Deoxynivalenol detection. (a) Differential pulse voltammograms obtained 
with different DON concentrations. The dotted scan corresponds to the signal registered 
in buffer solution containing 0 ng/mL DON and 0 nM 20mer-BIO; (b) calibration curve 
for DON. Each measurement was repeated at least five times using different sensors. 
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8.4.4 Aptasensor Selectivity 
The aptasensor selectivity was assessed by evaluating its response in 
presence of 25 ng/mL of each of the following mycotoxins: DON, AFB1 and 
AFG1. Accordingly, the obtained data show that the designed sensor 
interacts in a relevant way only with DON, as in presence of the target the 
signal decrease is of 60% with respect to the blank. On the other hand, the 
signal reduction against other mycotoxins is much lower. The obtained 
results are shown in Figure 8.6. 
 
Figure 8.6. Aptasensor selectivity. Current values obtained in buffer solutions containing 
1 nM 20mer-BIO and • 0 ng/mL mycotoxins, • 25 ng/mL deoxynivalenol, • 25 ng/mL 
aflatoxin G1, • 25 ng/mL aflatoxin B1. Each measurement was repeated at least five times 
using different sensors. 
 
8.4.5 Deoxynivalenol Detection in Maize Flour Samples 
Preliminary experiments on milled maize grains were performed in 
order to assess the operability of the developed aptasensor in real samples 
analysis. In this perspective, DON standard solutions (10–25 ng/mL) were 
used to contaminate different aliquots of maize flour after the 
pretreatment of the sample. The aptasensor response was then determined 
by DPV measurements, under the same conditions used for the mycotoxin 
calibration curve. The recovery values for maize extracts were calculated 
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by using the linear regression established in the range 10–25 ng/mL 
(Figure S - 8.6); the obtained results are showed in Table 8.1. This confirms 
the possibility for the developed aptasensor to be used in real samples 
analysis. 
 
Table 8.1. Recovery values obtained from the analysis of deoxynivalenol-spiked maize 










5.0 9.3 16 186 2 
10.0 11.6 23 116 2 
20.0 15.0 34 75 1 
25.0 21.5 56 86 1 
 
8.5 Conclusions 
In this work, we report the development of an enzyme-labeled 
aptasensor, based on a competitive format and exploiting disposable SPEs 
and portable instrumentation, for the electrochemical determination of the 
non-electroactive DON molecule. The disposable SPEs make it simple and 
cost-effective, since it involves low amounts of reagents and mass-
produced electrodes, that can be easily modified and stored prior to be 
used. The molecular interaction between DNA aptamer and DON was 
investigated by a docking study, which allows to verify if the 
complementary oligonucleotide sequence-binding region chosen for the 
competitive assay includes the interaction sites between the mycotoxin 
and the DNA aptamer, while also determining the preferred orientation 
assumed by DON in the binding event. The aptamer-DON complex with 
the highest stability (binding energy value below −5 kcal/mol) is obtained 
when the position of DON mycotoxin falls in the aptamer sequence part 
which binds the biotinylated DNA oligonucleotide used in the 
competition approach. This important result shows a good agreement 
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between computational and experimental approaches allowing to adopt 
docking study to obtain first relevant insights on the complementary 
sequence to be used. Therefore, it could be a valuable support in 
aptasensors development, allowing to rationalize an already chosen 
oligonucleotide sequence by describing the nature of the interactions 
involved and, as the final purpose, to select a complementary sequence of 
a proper length and primary structure to be used for improving the 
analytical performance of the developed aptasensors. Regarding the 
characterization of the aptamer itself, a detailed study about its affinity 
and selectivity towards DON (which has not been published before) was 
not performed yet but will be the topic of future research. 
Under optimized experimental conditions, a dose-response curve was 
obtained between 5 ng/mL and 30 ng/mL DON and a LOD of 3.2 ng/mL 
was achieved within a 1-hour detection time. Preliminary experiments 
with maize samples were performed. Basing on the stability on the 
aptasensors and on the obtained results, the presented analytical tool has 
proven itself to be applicable for the development of an aptamer-based 
test kit for screening analysis. 
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Figure S - 8.1. Secondary structures of the aptamer (labeled with A, B, C, D) as predicted 
with MFold algorithm at 25 °C in 0.1 M phosphate buffer saline, pH 7.4 ([Na+] = 0.26 M).  
The bond between G and C is shown in red to indicate its stability. 
 











Figure S - 8.2. Histograms of the DON-aptamer binding energies obtained by molecular 
docking study of the four aptamer structures A, B, C and D. The magenta dashed line 













Figure S - 8.3. Representation of the DON conformations which show binding energy 
values below −4.8 kcal/mol. The orange region represents the sequence portion which 
binds the complementary oligonucleotide. 
 
 
Figure S - 8.4. Hybridization curve between the immobilized aptamer (2 μM) and the 
biotinylated oligonucleotide (0.5–15 nM) in immobilization buffer. Each measurement 
was repeated at least five times using different sensors. 




Figure S - 8.5. Competition reaction time optimization. Current values obtained in buffer 
solution containing 1 nM 20mer-BIO and • 0 ng/mL or • 20 ng/mL deoxynivalenol. Each 
measurement was repeated at least five times using different sensors. 
 
 
Figure S - 8.6. Linear regression established in the range 10–25 ng/mL from the 
calibration curve obtained for DON standard solutions. Each measurement was repeated 
at least five times using different sensors.






9. Folding-based Electrochemical Aptasensor 
for the Determination of β-Lactoglobulin on 
Poly-L-Lysine Modified Graphite Electrodes 
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9.1 Abstract 
Nowadays, food allergy is a very important health issue, causing 
adverse reactions of the immune system when exposed to different 
allergens present in food. Because of this, the development of point-of-use 
devices using miniaturized, user-friendly and low-cost instrumentation is 
becoming much of outstanding importance. According to this, 
electrochemical aptasensors have shown to be very useful tools to quantify 
a broad variety of targets. In this work, we developed a simple 
methodology for the determination of β-lactoglobulin (β-LG) in food 
samples using a folding-based electrochemical aptasensor built on poly-L-
lysine-modified graphite screen-printed electrodes (PLL-GSPEs) and an 
anti-β-LG aptamer tagged with methylene blue (MB). This aptamer 
changes its conformation when the sample contains β-LG, and due to this, 
the spacing between MB and the electrode surface (and, therefore, the 
electron transfer efficiency) also changes. The response of this biosensor 
was linear for concentrations of β-LG within the range 0.1–10 ng/mL, with 
a LOD of 0.09 ng/mL. The biosensor was satisfactorily employed to the 
determination of spiked β-LG in real food samples. 
Keywords: β-lactoglobulin; folding-based aptasensor; poly-L-lysine; 
conducting polymers; methylene blue. 
 




9.2.1 State of the Art 
The developing of analytical approaches used to detect and quantify 
food allergens has become increasingly significant [260], because labeling 
in food is crucial for the consumers in order to avoid the major health 
problems. Analysis of allergens in food samples is usually carried out by 
immunoassay-based approaches [261], such as enzyme-linked 
immunosorbent assays (ELISAs) [117,123,262] or lateral-flow 
immunoassays (LFIAs) [263,264], and DNA-based methods, which detect 
the genes encoding for the proteins using amplifying strategies, for 
instance, the PCR [265,266]. Proteomic tests have been also used for the 
determination of allergens [267]. Although these methods are very 
sensitive, they are time-consuming, and the instrumentation needed is 
very expensive. Because of this, there is an increasing interest in 
developing new analytical tools which are faster, simpler and with a 
lower-cost, also keeping good analytical characteristics [71,116].  
Hence, electrochemical biosensors satisfy all these requirements, and, in 
particular, aptamer-based sensors (also known as aptasensors) are listed 
as one of the most powerful type of biosensors [114]. In contrast to DNA 
biosensors, which cannot detect the allergen itself, aptasensors can directly 
indicate the presence of the analyte [18,268,269]. 
 
9.2.2 Target Analyte 
β-LG is the major whey protein of ruminants in general (e.g. cow and 
sheep, 2–3 g/L) and is present also in other mammalian species but not in 
humans: for this reason, it may play the role of an important marker in 
detecting milk adulterations, especially when goat or sheep milk is 
replaced by cow’s milk [270]. This protein belongs to the family of 
lipocalins, most of which bind small hydrophobic ligands and thus may 
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act as specific transporters [271]. The epitope of β-LG comprises six 
different short fragments of the polypeptide chain, which are especially 
located in the β strands and cover a flat area on the allergen surface [272]. 
Its quaternary structure, identified in 1997 using X-Ray diffraction [273], 
is dependent on the pH: for example, at pH values between 5.2 and 7.0 it 
is a dimer, and its molecular weight is around 37 kDa; at pH values over 
8.0 it exists as a monomer and its molecular weight is approximately of 
18 kDa [274]. This protein has a great potential as milk allergen because it 
is remarkably stable and it is not present in human milk [113]; moreover, 
it is also regularly added as an additive in lots of food products [275]. 
 
9.2.3 Assay Type 
Among all electrochemical aptasensors, those based on structure-
switching aptamers represent an encouraging methodology due to the 
fast, sensitive and cheap determination of different target analytes [276]. 
This approach benefits from the variations in the conformation of the 
recognition aptamer, immobilized on the electrode surface [277,278].  
This aptamer is usually altered at the 5’-end by a molecule containing a 
group able to link to the surface of the electrode (for example, a thiol) and 
labeled at the opposite side (3’-end) with a redox probe, for instance MB 
[279], that has been widely used as label for DNA-based biosensors [280]. 
This type of aptasensors, also known as “folding-based aptasensors”, 
requires an alteration on the aptamer’s conformation when the analyte is 
present [281], allowing to detect the changes on the efficiency of the 
electron transfer, which relies on the spacing that exists between the 
surface of the electrode and the redox probe. 
  




In this work, we present a folding-based aptasensor able to quantify 
β-LG using GSPEs. On their surface, a film made of a conducting polymer, 
PLL, combined with electrogenerated AuNPs is used in order to improve 
the electrodic area. A thiolated aptamer that specifically recognizes β-LG 
is modified with MB on the 3’-end, a redox probe, and is linked to the 
AuNPs via a thiol modification on the 5’-end. The strategy presented here 
takes advantage of: i) the higher electroactive area of GSPEs when 
modified with PLL and AuNPs, ii) the strong binding between AuNPs and 
the thiolated aptamer, iii) the conformational changes the aptamer suffers 
when β-LG is present, and iv) the differences in the electron transfer, 
which is dependent on the space existent in between MB and the modified 
electrode. This approach represents a sensitive, simple and accurate 
methodology for the fast quantification of β-LG in real alimentary 
samples, using miniaturized and low-cost instrumentation. 
 
9.3 Materials and Methods 
9.3.1 Chemicals 
L-lysine hydrochloride (C6H14N2O2·HCl), tetrachloroauric acid 
(HAuCl4), sulfuric acid (H2SO4), 6-mercapto-1-hexanol (C6H14OS), β-
lactoglobulin B, casein, tris(hydroxymethyl) aminomethane (C4H11NO3), 
di-sodium hydrogen phosphate (Na2HPO4), sodium di-hydrogen 
phosphate di-hydrate (NaH2PO4·2H2O), sodium chloride (NaCl), 
potassium chloride (KCl), magnesium chloride hexahydrate 
(MgCl2·6H2O), Tween-20, potassium ferrocyanide (K4[Fe(CN)6]), 
potassium ferricyanide (K3[Fe(CN)6]) were purchased from Merck KGaA 
(Darmstadt, Germany). All reagents were of analytical grade and used as 
received, without further purifications. Biscuits and soya yoghourt were 
purchased in a local market. Milli-Q water was used for all preparations. 
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The MB-modified thiolated aptamer (Apt-MB) was purchased from 
Biomers.net GmbH (Ulm, Germany) and is reported as the following:  
5’-(SH)-(CH2)6-CGA CGA TCG GAC CGC AGT ACC CAC CCA CCA 
GCC CCA ACA TCA TGC CCA TCC GTG TGT G-MB-3’. 
The buffer solutions used in this work are the following: 
1. immobilization buffer: 50 mM TRIS buffer, 150 mM NaCl, 2 mM 
MgCl2, pH 7.4; 
2. detection buffer: 0.1 M phosphate buffer, 150 mM NaCl, pH 7.4; 
3. extraction buffer: 20 mM TRIS buffer, 2% Tween-20, pH 8.0. 
 
9.3.2 Aptasensor Development 
The described aptasensor works according to a folding-based 
mechanism (Figure 9.1), using a thiolated aptamer tagged with the redox 
probe MB. The aptamer immobilization takes advantage of the covalent 
linking between thiolated groups and AuNPs. In absence of β-LG target, 
the distance between the redox probe and the electrode surface is high, 
resulting in a reduced electron transfer and thus in a low signal.  
However, when adding the analyte, the conformation of the aptamer 
changes, thus bringing the redox probe closer to the electrode surface, 
facilitating the electron transfer and increasing the signal. 
 
 
Figure 9.1. Schematic representation of the sensing strategy of the proposed aptasensor. 
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9.3.2.1 Aptamer Immobilization 
The aptamer immobilization was carried out by depositing 1 µM of 
the thiolated aptamer in immobilization buffer and letting it to react 
overnight. The aptamer was immobilized by chemisorption between 
AuNPs and the thiol groups; then, a SAM was formed by incubating 1 mM 
MCH aqueous solution for 60 min, as previously described by our group 
[282]. Finally, the aptasensors were washed with detection buffer. 
 
9.3.2.2 β-Lactoglobulin Detection 
With the aim of obtaining a calibration curve for β-LG, various protein 
concentrations have been tested. Several β-LG solutions of increasing 
concentration (between 0.1 ng/mL and 10 ng/mL) in detection buffer were 
dropped onto the aptasensor surface and incubated for 45 min. DPV 
measurements were then carried out in detection buffer by scanning the 
potential from −0.6 V to +0.15 V at 10 mV/s (5 mV step potential, 100 mV 
pulse potential, 0.02 s pulse time, 0.5 s interval time). The height of the 
resulting peak at around −0.03 V, corresponding to the oxidation of MB 
attached to the aptamer, was taken as the analytical signal. 
 
9.3.2.3 Real Samples Analysis 
Spike-and-recovery experiments were done in order to see if a real 
sample matrix affects the quantification of β-LG, comparing it to the 
electrolyte solution used in the standard calibration curve (PBS). 
Real samples were treated by following a procedure described elsewhere 
[283]. Briefly, 1 g of biscuit or soya yoghourt was dissolved in 20 mL of 
extraction buffer and stirred at room temperature for 5 h. The mixtures 
were centrifuged at 10000 rpm for 15 min; then, the supernatant was 
collected and enriched with 1 ng/mL and 5 ng/mL of β-LG and the 
resulting samples were analyzed by using the developed aptasensor. 
Finally, the recovery of the concentration in real samples was calculated. 
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9.4 Results and Discussion 
9.4.1 Aptasensor Assay 
For the purpose of obtaining the best analytical characteristics of this 
aptasensor, different parameters were optimized, as detailed in the 
following paragraphs. 
 
9.4.1.1 Electrolyte Solution 
Different buffer solutions were tested as electrolytes for MB signal 
acquisition with the objective of obtaining the highest signal-to-noise ratio: 
50 mM TRIS buffer, 150 mM NaCl, pH 7.5 (with and without 2 mM MgCl2) 
and 0.1 M phosphate buffer, 150 mM NaCl, pH 7.4 (with and without 
2 mM MgCl2). Solutions containing 0 ng/mL β-LG (background 
electrolyte) and 5 ng/mL β-LG were incubated for 45 min and the results 
of this optimization are depicted in Figure 9.2. 
 
Figure 9.2. Electrolyte solution optimization. Current values obtained in different buffer 
solutions containing • 0 ng/mL or • 5 ng/mL β-lactoglobulin in different media. [Apt-
MB] = 1 µM, incubation time: 45 min. Each measurement was repeated at least three 
times using different sensors. 
The highest signal-to-background ratio was obtained when PBS-
based buffers were used. In particular, the signal-to-noise ratio is bigger 
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without MgCl2, so this buffer solution was selected for the following 
measurements. This suggests that magnesium ions can influence the 
conformation of the aptamer and, therefore, its interaction with the 
protein, taking into account the decrease in the mobility of the aptamer 
and the water molecules when Mg+2 is present [284]. 
 
9.4.1.2 Aptamer Concentration 
A crucial stage in the development of the aptasensor is the 
concentration of the immobilized aptamer. Different concentrations of 
Apt-MB (0.5, 1 and 2 µM) were immobilized onto the AuNPs/PLL/GSPEs, 
and the aptasensor response in presence of 5 ng/mL β-LG was compared 
after 45 min with that of the blank solution (Figure 9.3). 
 
Figure 9.3. Aptamer concentration optimization. Current values obtained in detection 
buffer containing • 0 ng/mL or • 5 ng/mL β-lactoglobulin. Incubation time: 45 min. Each 
measurement was repeated at least three times using different sensors. 
The best concentration was chosen to be 1 µM, because of the higher 
signal-to-background ratio obtained. The precision was also better in this 
case. 
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9.4.1.3 Incubation Time 
Incubation time is a very important parameter that can affect the 
measurements, inasmuch as it can affect an appropriate conformational 
change in the aptamer structure when it binds the analyte. Solutions 
containing 5 ng/mL β-LG were incubated for different times (30, 45 and 
60 min) and the response was compared with that of the blank. The results 
of this optimization are depicted in Figure 9.4. As it can be seen, a bigger 
signal-to-noise ratio is obtained for 45 min, being that time chosen as the 
optimum incubation time. 
 
Figure 9.4. β-lactoglobulin incubation time optimization. Current values obtained in 
detection buffer containing • 0 ng/mL or • 5 ng/mL β-lactoglobulin. [Apt-MB] = 1 µM. 
Each measurement was repeated at least three times using different sensors. 
9.4.2 β-Lactoglobulin Detection in Standard Solutions 
Under the optimized experimental conditions, a dose-response curve 
for β-LG in buffered solutions was obtained in the range 0.1–10 ng/mL β-
LG by DPV (Figure 9.5, a panel). The current peak intensity resulted to be 
directly proportional to β-LG concentration, so the experimental data were 
fitted with a linear relationship (iox = 0.224 [β-LG] + 0.411), retrieving a good 
regression and a R2 value of 0.997 (Figure 9.5, b panel). 







Figure 9.5. β-lactoglobulin detection by Apt-MB at AuNPs/PLL/GSPEs. (a) Differential 
pulse voltammograms obtained with different β-LG concentrations; (b) calibration curve 
for β-LG. Each measurement was repeated at least three times using different sensors. 
The LOD, calculated as three times the standard deviation of the 
intercept divided by the slope, was found to be 0.09 ng/mL. This value is 
below the threshold established for proteins in cow’s milk [285,286], 
resulting to be very suitable for the determination of trace concentrations 
in food in order to avoid undesired reactions in allergic patients.  
In addition, the levels of β-LG assayed in this work are close (and even 
beneath) to those achieved using alternative approaches based on liquid 
chromatography combined with mass spectrometry [260], ELISA [283], 
capillary-electrophoresis and laser-induced fluorescence [287] or 
magneto-immunoassays [111]. Moreover, the reproducibility of the 
method was very good, with a %RSD below 13% (obtained with 3 
repetitive measurements for all the tested concentrations). 
The effect of interferents was assessed in presence of casein, one of the 
main components present in milk samples. Solutions containing 1 ng/mL 
of casein, 1 ng/mL of β-LG and a mixture of both were analyzed and the 
results are shown in Figure 9.6. 




Figure 9.6. Interference study. Current values in buffer solutions containing • 0 ng/mL 
proteins, • 1 ng/mL β-lactoglobulin, • 1 ng/mL casein, • 1 ng/mL of both.  
Each measurement was repeated at least three times using different sensors. 
It can be seen, casein, on its own, did not produce any interference, 
giving a signal very similar to the one obtained with buffer. In the case of 
the mixture, the presence of casein hardly affects the β-LG signal, 
demonstrating the high specificity of the employed aptamer. 
 
9.4.3 β-Lactoglobulin Detection in Real Samples 
The performance of the aptasensor towards the analysis of real food 
samples, and thus its applicability, was verified by testing its response in 
commercially available biscuits and soya yoghourt under the same 
conditions applied for β-LG calibration curve.  
A spike-and-recovery experiment was performed on both matrices 
and the results are summarized in Table 9.1. The recovery rates of the 
concentration reveal that the matrix does not affect the methodology in 
great extent. This opens up the way to β-LG quantification in food samples 
with high accuracy for the detection of allergens. 
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Table 9.1. Recovery values obtained from the analysis of β-lactoglobulin-spiked biscuits 











1.0 1.17 117 8 
5.0 5.18 103 6 
Soya 
yoghourt 
1.0 1.16 116 9 
5.0 4.78 95 7 
 
9.5 Conclusions 
In this work, a simple and sensitive aptasensor for the detection of β-
LG, one of the most important proteins found in milk, was designed. The 
aptasensor here developed is built on disposable GSPEs modified with a 
conducting polymer (PLL) and AuNPs. The modification of the biosensor 
surface was carried out by electropolymerization of L-lysine, in a first step, 
and electrogeneration of AuNPs using tetrachloroauric acid. 
The thiolated aptamer used in this aptasensor is modified with the 
redox probe MB at the 3’-end. The strategy presented in this work benefits 
from the conformational changes of the aptamer when β-LG is present, 
and, as a result, from the changes on the electron transfer, hanging on the 
distance between MB and the electrodic surface. A good linear 
relationship between the peak current values and β-LG concentration in 
the range between 0.10 ng/mL and 10 ng/mL, with a LOD of 0.09 ng/mL, 
was obtained. The aptasensor was also applied in the determination of 
spiked β-LG in real food samples. 
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10. Concluding Remarks 
In this work, nanostructured electrochemical biosensors for the 
detection of contaminants related to food and environmental analysis 
were presented. In order to overcome the limitations related to the use of 
antibodies, the employment of biomimetic receptors (such as aptamers) 
was investigated. In the last years, many different systems were 
developed, describing advances in aptamer sequences realization, as well 
as combination of probe sequences, with nanomaterials in order to 
improve the detection procedures. Nanostructures provide a useful and 
suitable platform for biomolecules immobilization (which retain their 
biological activity) and facilitate the electron transfer from the electrodic 
surface. 
Starting from this point, conductive polymers and gold nanoparticles 
were used as signal amplification platforms in three different approaches. 
Nanostructured surfaces were obtained by means of cyclic voltammetry 
and used to enhance the electrochemical performances of graphite screen-
printed working electrodes, as well as their active surface in order to 
immobilize probe molecules. Each modification step was characterized by 
cyclic voltammetry and electrochemical impedance spectroscopy 
measurements.  
The developed platforms were applied for the electrochemical 
detection of profenofos pesticide, aflatoxin B1 and deoxynivalenol 
mycotoxins in a competitive assay, and β-lactoglobulin allergen in a 
switch-on assay. Streptavidin-alkaline phosphatase was used as 
enzymatic label in the competitive approaches and the electrochemical 
behavior of 1-naphthol enzymatic product was analyzed by differential 
pulse voltammetry; conversely, the electroactive molecule methylene blue 
was used as redox moiety in the switch-on approach and its oxidation was 




experimental parameters were optimized and the analytical performances 
of the aptasensor in terms of sensitivity, reproducibility and selectivity 
were studied. Calibration curves were constructed under optimized 
experimental conditions and the applicability of the sensors was assessed 
by the analysis of spiked real samples. 
In summary, this thesis presents the employment of three different 
nanostructured platforms for the development of three different aptamer 
assays to detect compounds of interest for food and environmental 
analysis. The proposed works show that aptamer-based devices still 
represent one of the most promising strategies for biosensor development 
and their application in environmental analysis, and small molecules 
analysis in general, is still one of the most fascinating field in analytical 
chemistry.  
Moreover, because the analysis of a single contaminant lacks in 
completeness, it will be interesting to build multianalyte arrays (e.g. 
exploiting different electrode modifications, in which each single working 
electrode bears the proper receptor), as the ability to optimally combine 
information on a panel of compounds becomes necessary for an useful on-
field screening analysis.
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